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SUMMARY.
The c r y s t a l  s t r u c tu r e  o f th e  complex RShCl^.p-^qylene 
( space g roup: P2^ /o ; a=9 #13&, h=:8 . 4l& , o=1 2 *:79&/ ^  =123^21 ) v/as 
in v e s t ig a te d  a t  low te m p e ra tu re s , and i t  p roves to  be a 
lay e r s t r u c tu r e  w ith  pack ing  p-xy lene  m o lecu les.
The compound Shül^*" ( space group: G z/c;
a=l3»12&, b=13.U7&, c= 7»44&, ^ =122°19  ) was i d e n t i f i e d  
as a h y d ro ly s is  p roduct of th e  SbG l^ /pyrid ine  system  by 
means of a  p a r t i a l  s t r u c tu r e  a n a ly s is .
The complex 2SbC1^.3C^H^N ( space group: Pca2^ ; 
a=26.14S., b=11.93&, c=7 f'31& ) was p rep a red  and  i t s  s t r u c tu r e  
e lu c id a te d . I t s  g e n e ra l s t r u c tu r a l  f e a tu r e s  in c lu d e  an 
i n f i n i t e  Sb -  Cl c h a in , p y r id in e  lig a n d s  a tta c h e d  to  th e  
antimony atom , and th e  p resence , in  a d d itio n , of a " so lv a tin g "  
p y rid in e  m olecu le .
The complex 2SbCl^.C^HgN ( space group; P I; a=lO#^3&, 
b=g.92& , o=S.SqÎ.,<^ ^ = Î92°4»* , X = 116°2I ) was
p rep a red . This has an e x te n s iv e ly  b rid g e d  3b -  Cl system 
and non-bonding p y rid in e  m o lecu les , o c cu rrin g  in  a l t e r n a te  
l a y e r s .
The complex BbCl^.C^H^N (space group: P 2 y c ;  a=i3*.002., 
b=17.8?â, C=12#17&, p  =12l°11 ) was prepared.
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I N T R O D U C T I O N
A) T h e o re tic a l A spects of M olecular Complexes.
The te rm  ’m olecu lar com plexes’ i s  u sed  to  d e sc r ib e
.compounds which a re  b u i l t  up from  components which in  g en era l
have a  se p a ra te  e x is te n c e  o f t h e i r  own. There a re  no s tro n g
in te r a c t io n s  between th e  com ponents, and geo m etrica l o r
’packing' c o n s id e ra tio n s  i n  th e  main décide  th e  s t r u c tu r a l
f e a tu r e s  of th e s e  com plexes. The in te rm o le o u la r  d is ta n c e s
a re  g e n e ra lly  much l a r g e r  th a n  th o se  expected  o f c o v a len t
e le c t r o n - p a i r  bonds. The components pack to g e th e r  w ithou t
a llow ing  th e  s p e c i f i c a t io n  of a co v a len t bond between them ,
.and in  such a  manner t h a t  th e  s t r u c tu r e  cannot be reduced
c o n c e p tu a lly  to  a sim ple io n ic  l a t t i c e .  The s im p lif ic 8 .tio n
of re g a rd in g  th e  component m olecules as c lo se -p a c k in g  sp h e re s ,
w ith  m olecules of one sp e c ie s  f i t t i n g  in to  th e  c a v i t i e s  in  th e  
c lo se -p ack ed  l a t t i c e  of th e  o th e r ,  a llow s a q u a n t i ta t iv e
ra ^ tio n a lis a tio n  of th e  s t r u c tu r a l  f e a tu r e s  in  term s o f a
1r e l a t i v e  ra d iu s  r a t i o .
Under th e  above d e s c r ip t io n  of m olecu lar compounds we
in c lu d e  Van der Waals ty p e  complexes and c h a r g e - t r a n s f  e r
ty p e  com plexes. A t h i r d  ty p e"o f in te rm o le o u la r  a s s o c ia t io n
occurs in  th e  fo rm a tio n  of a  d a tiv e  bond in  a  d o n o r-accep to r
-  2 -
i n te r a c t io n .  T h is i s  a s tro n g e r  in te r a c t io n  r e s u l t i n g  in  th e  
fo rm atio n  of a fo rm al bond th rougli lo n e -p a ir  d o n a tio n .
These th r e e  b a s ic  models f o r  in te rm o le o u la r  in te r a c t io n s  
w i l l  be co n s id e re d  below . T his c l a s s i f i c a t i o n  in  term s of 
in te r a c t io n  i s  n o t unam biguous, and i t s  weakness l i e s  i n  th a t  
th e re  a re  many b o rd e r l in e  c a s e s .
( i )  Van der Waals F o rc e s .
2In  1937  London d e sc r ib e d  a model f o r  m olecu lar in te r a c t io n s  
in v o lv in g  no fo rm al bond. He proposed to  fo llo w  Van der Waals ' 
tre a tm e n t o f in te r a c t io n s  in  th e  gaseous s t a t e ,  in  t h a t  he 
a t t r ib u t e d  th e  in te rm o le o u la r  fo rc e s  to  sm all p e r tu rb a tio n s  of 
one m olecule by an o th e r in  th e  manner t h a t  Van der Waals had 
a t t r ib u te d  d e v ia tio n  from  th e  id e a l  gas law to  such p e r tu rb a tio n s ,
Three p r in c ip a l  f a c to r s  were re s p o n s ib le  f o r  th e  Van der 
Waals f o r c e ,  acco rd in g  to  London ; th e  ’O rie n ta tio n  e f f e c t* ,  
th e  'In d u c tio n  e f fe c t*  and th e  ‘D isp e rs io n  e f f e c t* .
The f i r s t  id e a s  about th e  ‘O rie n ta tio n  e ffe c t*  a re  due toV3Keesom . Since m olecu les a re  u s u a l ly  uncharged , he reg a rd ed  
th e  d ip o le  m o m e n t a s  th e  o p e ra tiv e  f a c to r  in  de te rm in in g  
in te rm o le o u la r  f o r c e s .  The o r ie n ta t io n s  o f m olecules r e l a t i v e  
to  each o th e r  th e re fo re  become a  c r u c ia l  f a c to r  in  d e c id in g  th e
5> -
s iz e s  and d i r e c t io n s  of th e s e  f o r c e s . O r ie n ta tio n s  of low er 
energy a re  s t a t i s t i c a l l y  fa v o u re d , so t i ia t  th e  average d ip o le  
i s  non-zero* I t  i s  a ls o  tem p era tu re  dependent* Keesom gave 
an 'o r ie n ta t io n a l*  in te r a c t io n  energy o f
where jclj, jcljj a re  th e  d ip o le s  o f th e  two m olecules , and H 
th e  d is ta n c e  between th e  d ip o le  c e n t r e s .  The e x p re ss io n  above 
re p re s e n ts  an a t t r a c t i v e  fo rce*
Debye^ p o in te d  out t h a t  th e  Keesom 'o r i e n ta t io n  e f f e c t  * 
le d  to  a fo rc e  between molecules.-, which v an ish ed  ra p id ly  w ith  
in c re a s in g  te m p e ra tu re , i n  c o n tr a s t  to  th e  l e s s  s te e p  d e c lin e  
of th e  e m p ir ic a l Van d e r Waals c o rre c tio n s*  The charge 
d i s t r ib u t io n  in  a  m olecule may be a l t e r e d  by an e l e c t r i c  f i e l d  
produced by a ne ig h b o u rin g  m olecu le : The e f f e c t  i s  m utual to  th e
two m o lecu les. The r e s u l t  i s  an. induced  d ip o le  in  each moleoule
w ith  an in te r a c t io n  energy  g iven  hy ;
U
w h e r e a r e  th e  p o la r  i s  a b i l i t i e s  o f th e  m o lecu les , and
perm anent d ip o les*  I t  w i l l  be n o ted  t h a t  t h i s  in te r a c t io n  
i s  tem p era tu re  independent*  M olecules w ith o u t perm anent d ip o le s
-  4 -
wœe assumed to  havequadrupol e s , and th e se  would induce 
d ip o le s  in  each o th e r .
Wave m echanical c o n s id e ra tio n s  showed th a t  th e  r a re -g a s  * 
m olecules vfere s p h e r ic a l ly  sym m etrical and p o ssessed  no 
m u ltip o le s  a t  a l l .  However, th e s e  m olecules p o ssess  a  zero  
p o in t m otion , and London c o n s id e re d  th a t  t h i s  m otion gave r i s e  
to  qu ick ly  v a ry in g  d ip o le s  which induced  f u r th e r .d ip o le s  in  
n e i^ b o u r in g  m o lecu les . These induced  d ip o le s  a re  i n  phase 
w ith  and in te r a c t in g  w ith  th e  in s ta n ta n e o u s  d ip o le s  which 
produced them , g iv in g  r i s e  to  an a t t r a c t i v e  fo rc e  which London 
term ed th e  'd is p e r s io n  e f f e c t* .  This e f f e c t  he exp ressed  a s ;
w here^^l^,'9^^ C're th e  p e r io d ic  d ip o le s  and o s c i l l a t i o n  
frequency  of one m olecu le , and yU ^a r   ^ Vço'^ th e  co rresp o n d in g  
fu n c tio n s  of th e  o th e r  m olecu le . Ic, f  and %, <y a re  lower 
and upper s t a t e s  of th e  two o s c i l l a t i n g  m o lecu les .
The t o t a l  Van der Waals fo rc e  was p o s tu la te d  as th e  sum 
of th e s e  th r e e  e f f e c t s .  In  o rd e r to  r e a l i s e  th e s e  in te r a c t io n s ,  
th e  v a rio u s  m olecules must be allow ed to  approach each o th e r  
c lo s e ly  enough f o r  th e  d i f f e r e n t  d ip o la r  fo rc e s  to  be o p e ra tiv e ;  
hence th e  te rm  ’pack ing  co m p lex es '.
( i l )  C harpie-Transfer I n te r a c t io n s .
ï t  i s  p o s s ib le  f o r  m olecules to  approach c lo s e r  to  each
■oo th e r  th a n  th e  3«5A g e n e ra lly  accep ted  as th e  'Van der 
Waals d is tan c e*  w ith o u t fo rm ing  a d e f in i te  and lo c a l i s e d  
chem ical bond. however, a t  d is ta n c e s  s ig n i f i c a n t ly  l e s s  
th a n  t h i s  f i g u r e ,  i n te r a c t io n s  become a t t r ib u t a b le  to
in c re a s in g ly  lo c a l i s e d  and d i r e c te d  fo rc e s  o r 'bonds ' ♦ In s te a d
cjof c o n s id e r in g  o v e r a l l  charge d i s t r ib u t io n s  in  m olecules 
(which give r i s e  t o  th e  d ip o le s ) ,  i t  becomes p e r t in e n t  to  
th in lc  in  term s o f th e  m agnitudes of e le c tro n  d e n s i t i e s  on 
in d iv id u a l  atoms and th e  r e l a t i v e  d i r e c t io n s  o f m o lecu lar 
o r b i t a l s ,
C h a rg e - tra n s fe r  complexes in v o lv e  d o n a tio n  of e le c tro n s  
by one m olecule and accep tance  by a n o th e r . The donor must 
be a m olecule p o sse ss in g  non-bonding e le c t r o n s ,  and th e  accep to r 
a m olecule w ith  s u f f i c i e n t l y  lo w -f ly in g  vacan t o r b i t a l s  w ith  
re s p e c t  to  t h e i r  energy .
However, c h a r g e - t r a n s f e r  complexes can be d is t in g u is h e d  
from  norm al d o n o r-accep to r complexes in v o lv in g  c o -o rd in a te  
bonds to  l ig a n d s  by ty p ic a l  bands in  t h e i r  CJ.V. s p e c tr a ,  
b a v e ra i e a r ly  a ttem p ts  to  e x p la in  c h a rg e - t r a n s fe r  in te r a c t io n s  
suggested  s t r a i g h t-fo rw ard  co v a len t bonding schem es. The 
o b je c tio n  to  t h i s  was th e  la rg e  d is ta n c e s  in v o lv e d . 3 r ieg leb ^ (1 9 3 6 )
-  6 "
suggested  d ip o le -d ip o le  and d ip o le -in d u o e a  d ip o le  in te r a c t io n s .  
P au ling  (Ï939) a ttem p ted  to  e x p la in  th e  marked c o lo u rin g  
of c h a rg e - t r a n s fe r  complexes in  term s of d ip o le -d ip o le  
i n te r a c t io n s ,  hu t i t  was found  th a t  th e se  weak in te r a c t io n s  
were i n s u f f i c i e n t  to  e x p la in  th e  c o lo u rs . W eiss^ (1942) 
reg a rd ed  th e s e  complexes as d o n o r-accep to r com plexes, and
QBrackman in  1949 developed t h i s  id e a  in  su g g e s tin g  "complex- 
resonance" between 'bonded* and 'n o n -b o n d ed ^stru c tu res*
5M ulliken has g iven  a wave m echanical tre a tm e n t of 
c h a rg e - t r a n s fe r  i n t e r a c t io n s ,  and he re g a rd s  th e s e  in te r a c t io n s  
as " p a r t i a l  e le c tro n  t r a n s f e r  . . . o c cu rrin g  in  lo a s e ly  bound 
o rgan ic  m o lecu lar com plexes". M u llik e n 's  tre a tm e n t of 
c h a rg e - t r a n s fe r  em phasises th e  im portance o f o r ie n ta t io n a l  
e f f e c ts  as a g a in s t  d is p e rs io n  e f f e c t s ,  i n  l in e  w ith  th e  id e a  
th a t  th e  fo rc e s  in v o lv ed  a re  more d i r e c t io n a l  th a n  in  Van 
der W a a ls .in te ra c tio n . In  t h i s  t r e a tm e n t,  th e  w ave-func tion  
of th e  ground s t a t e  of th e  complex i s  g iven b y :
Ÿ o  = T  A) +  I f  ( ] ) + ,  fir) ^
•jrwhere D i s  th e  donor m o lecu le , A th e  acc ep to r m o lecu le , D ,
A*^  th e  r e s p e c t iv e  io n s ,  and j) ^ 1 , The io n ic  s t a t e
makes on ly  a  sm all c o n tr ib u t io n  to  th e  ground s t a t e  of th e  
com plex, and th e  energy a s s o c ia te d  w ith  '\|/q  i s  low er th an  
th a t  o f " Y  ( D ,  A ) o r " I f  (j)'^ jÇ ), th e r e f o re  accoun ting  
f o r  th e  s t a b i l i t y  of th e  com plex.
-  7 -
The e x c ite d  s t a t e  i s  g iven  h y :
-  r- ^  ) -t (^?A) ; ( a ^ < < l)
T ra n s i t io n s  o ^  ^p / , g ive r i s e  to  th e  c h a r a c t e r i s t i c
c h a r g e - t r a n s fe r  bands.
( i i i )  Donor-Acceptor o r M etal-L igand Bonding.
I i ‘ th e  io n ic  f u n c t i o n ^  makes as la rg e  a c o n tr ib u tio n
to  th e  ground s t a t e  as th e  no^bond s t a te  (B,A) ( i . e .  i s  of
s im ila r  e n e rg y ) , th e  ground s t a t e  i s  s t a b i l i s e d ,  th e  e x c ite d  s t a te  
d e - s t a b i l i s e d  and a la rg e  in te rm o le o u la r  b in d in g  energy i s  found.
The ground s t a t e / e x c i t e d  s t a t e  s e p a ra tio n  becomes to o  la rg e  to  
a llow  c h a rg e - t r a n s fe r  bands to  o ccu r. This s i t u a t io n  corresponds 
(fo rm a lly )  to  th e  d o n a tio n  of a lo n e -p a ir  of e le c tro n s  to  th e  
a cc ep to r  atom . The o r b i t a l s  in v o lv ed  in  bonding g e n e ra lly  
a f fo rd  a  la r g e r  o v e rla p  th a n  th e  d e lo c a l is e d  m olecu lar o r b i ta l s  
found in  many organ ic  (a ro m a tic )  c h a rg e - t r a n s fe r  com plexes.
S evera l f a c to r s  c o n tr ib u te  to  th e  s t a b i l i t y  of th e s e  
" lo n e - p a ir " bonds. An assessm ent of c o -o rd in a te  bond s tre n g th  
in  term s of donor-power computed from c o n s id e ra tio n s  of b a s ic i ty  
of th e  donor a lone  i s  in ad eq u a te  to  account f o r  th e  bonding in  a l l  
th e  observed com plexes. C hatt^^  has found th a t  a more 
e la b o ra te  bonding scheme th a n  sim ple o r-b o n d in g  i s  re q u ire d .
The <r -bond form ed by d o n a tio n  (L :# I)  i s  supplem ented
by a Tf-contribution (L M), and t h is  he has c a lle d  the
"syn erg ic  e f f e c t " .  The e f f e c t  of t h i s  m u ltip le -b o n d in g  scheme i s
M 3 M
"to a f fo rd  s t a b i l i t y  to  th e  complexes* The l ig a n d  must have 
vacan t d - o r b i t a l s  to  accep t th e  "back-bonded" e le c t r o n s ,  and
th e  m eta l atom must have o r b i t a l s  of s u i ta b le  symmetry, s iz e  
and energy f o r  o v e rla p  w ith  th e s e  ( F ig .I )
M
-  Synergic E f fe c t .
"While donor and a c c e p to r  a c tio n s  may be in d iv id u a l ly  weak, 
t h e i r  combined e f f e c t  i s  u nexpec ted ly  s tro n g ^ ^ . A measure 
of th e  s t r e n g th  o f th e s e  m e ta l- l ig a n d  bonds i s  found  in  th e
m agnitude of th e  o v e rla p  i n t e g r a l  of th e  o r b i t a l s  in v o lv e d .
12C ra ig  and JNyholm* have sug g ested  th a t  sy n e rg ic  iT- 
back-bonding  from  m eta l t.o l ig a n d  i s  enhanced by " in n e r 
sc re e n in g "  of th e  m eta l d r r - e le c tro n s  by th e  lo n e - p a ir  
donated  from  th e  l ig a n d . The e f f e c t  of t h i s  sc re e n in g  i s  
to  d ecrease  th e  e f f e c t iv e  n u c le a r  charge  a t  th e  d T f -o r b i ta l ,  
t o  in c re a s e  th e  s iz e  o f th e  o r b i t a l ,  and th e r e f o re  to  
enhance i t s  o v e rla p  w ith  th e  l ig a n d  p ir-accep to r o r b i t a l .  A 
f u r th e r  and s p e c i f ic  exam ination  o f d o n o r-accep to r behav iou r 
i s  g iven  in  th e  "D iscussion  of R e su lts "  in  re g a rd  to  th e  a n i l in e  
and p y r id in e  l ig a n d s .  F a c to rs  c o n s id e re d  in c lu d e  a v a i l a b i l i t y  
o f donor and a c c e p to r  o r b i t a l s ,  o r b i t a l  o v e r la p , l ig a n d  
c o m p e tit io n , and a v a i l a b i l i t y  o f lo n e - p a i r s .
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B ). M olecular Complexes ; A B rie f  Survey.
With th e  above bonding c o n s id e ra tio n s  in  mind, i t  i s  now 
proposed to  survey th e  a re a  of m o lecu lar com plexes, in
p a r t i c u l a r  th o se  of antim ony t r i c h lo r i d e  w ith  a ro m a tic s .
Van der Waals o r "Packing" Complexes. •
I t  i s  conven ien t to  su b -d iv id e  t h i s  type  of complex
ofin to  groups which em phasise th e  n a tu re /p a c k in g  of th e  components, 
an i th e  v a rio u s  ty p e s  a re  co n s id e re d  in  t w n  below . 
i ) .  U la th ra te s .  .
In  ty p ic a l  o l a t h r a t e s ,  one compound form s a *oage* l a t t i c e  
w ith  s u i ta b le  *holes * which a re  occupied  by m olecules of th e  
o th e r  component, th e  two m olecu lar sp e c ie s  being d e s ig n a ted  th e  
*host l a t t i c e *  and th e  *guest m o lecu le ’ r e s p e c t iv e ly .  The 
framework of th e  cage i s  f r e q u e n tly  h e ld  to g e th e r  by hydrogen 
bonding, and th e r e  i s  no bonding between th e  l a t t i c e  and th e  
guest m olecu le .
Von ü ta c k e lb e rg  and M uller in  19bl re p o r te d  o la th r a te s  o f 
th e  nob le  gas h y d ra te s  f o r  a rg o n , k ryp ton  and xenon. In  th e se  
com plexes, hydrogen-bonded w a ter m olecules fo%>m th e  c ag e , and 
two ty p es  of such cage were r e p o r te d ,  g iv in g  r i s e  to  d i f f e r e n t  
s iz e s  o f c a v i t i e s .  In  a d d it io n  to  th e  noble g a se s , m olecules
such a s e K J l^ ,  H^S and Brg a re  p o s s ib le  g u ests  in  th e  above
h y d ra te  l a t t i c e s .
A second s e r i e s  o f o la th r a te s  i s  t h a t  form ed b y jg - q u in o l^ \
— 10 —
Povæll end h is  co-w orkers have made d e ta i le d  s t r u c tu r a l  
exam inations of o la th r a te s  of th e  ty p e  Mx. -  3
v/here th e  /3 -qu ino l a c ts  as a  h o s t l a t t i c e  f o r  v a rio u s  m o lecu les,
M, ^ ^ in c lu d in g  SO^, HGl, GO^, GH^ OH and th e  nob le  gases argo n ,
kryp ton  and xenon. The qu ino l framework i s  h e ld  to g e th e r  by
ex te n s iv e  hydrogen bonding , such th a t  th e re  i s  one c a v i ty  f o r
every  th r e e  qu ino l m o lecu les . Van der V/’a a ls  fo rc e s  a re  o p e ra tiv e
betw een th e  l a t t i c e  and guest m o lecu les.
Not a l l  o f th e  c a v i t i e s  need be f i l l e d ,  and more th a n  one
type  of guest m olecule may be p re se n t in  th e  same compound,
g iv in g  r i s e  to  n o n -s to ic h io m e tr io  compounds.
The r a r e  gas o l a th r a t e s %  a re  of p a r t i c u la r  i n t e r e s t  in
e s ta b l is h in g  th e  id e a  t h a t  a  m olecu lar complex may be formed
w ithou t invok ing  any va lency  bonding f o r c e s .
A f u r th e r  ty p e  of c la th r a t e  i s  t h a t  form ed w ith  a t r i -  o -  
20thym otide framework . H ere, however, th e  tr i-o - th y m o tid e  u n i ts  
a re  h e ld  to g e th e r  by Van der Yfaals f o r c e s .  In c lu s io n  compounds 
w ith  benzene and ch lo ro fo rm  have been re p o r te d . In  th e se  
compounds, th e  t r i -o - th y m o tid e  form s a t r ig o n a l  s p i r a l  w ith  
the s p i r a l  d i r e c t io n s  p a r a l l e l  to  th e  a a x is  of th e  u n i t  c e l l .  
Channel ty p e  complexes w ith  tr i-O -th y m o tid e  a re  a ls o  form ed, 
and a re  d isc u sse d  in  th e  nex t s e c t io n .
Powell and R ayner^^ '^^ have d e sc rib e d  a  c la th r a te  w ith  an 
in o rg an ic  fram ew ork. Ni ( G N ) . 0 .  The h o s t l a t t i c e
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i s  a fa o e -o e n tre d  arrangem ent w ith  Ni atoms a t  two o p p o site
f a c e - c e n t r e s .  These a re  in te r l in k e d  by cyan ide groups to
form e x te n s iv e  la y e r s .  The ammonia i s  bound to  th e  n ic k e l
atoms a t  th e  c o rn e rs  of th e  u n i t  c e l l  and in  a d i r e c t io n
p e rp e n d ic u la r  to  th e  Ni-UN la y e r s .  The rem ain ing  fo u r  fa c e
c e n tre s  a re  occupied  by benzene r in g s .  There i s  no in te r a c t io n
between th e  benzene m olecules, and th e  Ni l a y e r s ,  th e  u su a l
Van der Waals d is ta n c e s  b e in g  observed . S im ila r  complexes can
be form ed by s e v e ra l  o th e r  arom atic  m olecules such as p y r r o le ,
f u r  an , p y r id in e , phenol and a n i l i n e ,  where th e  m olecules have
23.about th e  same Van der Waals volume 
%i) "Channel" Type Complexes.
T r i - o  -  thym otide e x h ib i ts  in  a d d itio n i to  ‘c av ity *  
com plexes, c e r t a in  examples o f adducts where th e  h o s t m olecules
20s p i r a l  around long  guest m o lecu les , form ing c h a n n e l- l ik e  s t r u c tu r e s  • 
These compounds belong  to  th e  space-group and th e  t r i -  o -  thym dtide
m olecules form  a s ix - f o ld  s p i r a l .  Guest m olecules in c lu d e  n -  
a lc o h o ls  and a lk y l  h a l id e s ,  ru nn ing  in  channels p a r a l l e l  
to  th e  0 “ a x is  o f th e  c e l l .
A f u r th e r  example o f a  ‘channel^ in c lu s io n  compound i s  th e  
u rea-hydrocarbon  oom plex^^'^^" Here th e  hexagonal s p i r a l  o f 
u re a  i s  h e ld  to g e th e r  by hydrogen bonding 
i i i )  Other Van der Waals Complexes.
In  a d d it io n  to  th e  in c lu s io n  compounds n o ted  above, 
th e re  a re  many examples o f Van der Waals complexes in  which
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the in c lu s io n  i s  lim ite d  and the structure i s  la y e r - l ik e .
Powell and co-workers have reported a complex between
p- io d o a n ilin e  and s -  trin itrobenaene^^ . The structure
c o n s is ts  e s s e n t ia l ly  of ^ e r n a t e  planar m olecules of the two
components stacked togeth er  in  columns. The separations of
the^rings are of the order o f but the n itrogen  atoms of
the amino «groups and the oxygen atoms of the n itro-groups
approach each other as c lo s e ly  as 3*1 -  3*2A, and hydrogen
bonding has been suggested to  account fo r  t h i s .
Molecular compounds between p ic r y l iod id e  and hexamethylbenzene,
and p ic r y l ch lorid e  and hexamethylbenzene, have been stu d ied  
27str u c tu r a lly  . They c o n s is t  of a ltern a te  la y ers  of the tv/o ,
components w ith separations betv/een thearin gs of about 3*5A.
A s e r ie s  o f com plexes, a l l  of which d isp la y  t h is  la y e r - l ik e
stru c tu re , i s  formed by 4,4^ d in itrod iph en yl w ith  sev era l
2b 29aromatic- m olecules ' These include 4  -  hydroxy diphenyl, /
d i p h e n y l 4 ,4 ' -  dihydroxydiphenyl, b en z id in e , 4-iododiphenyl 
and 4-bromodiphenyl. A ll th ese  complexes show a Van der Waals 
separation  between the component m olecu les, and are s im ilar  in  
th a t they are governed by geom etrical c o n sid era tio n s. ViTallwork 
c a lle d  th ese  aromatic layer  complexes 'polarisation -bonded  
com plexes‘ , and h is  id eas on t h is  are developed in  the se c tio n  
on 'ch arge-tran sfer  compounds'^ p , 2 | -ff.
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i^mplexes o f Antimony T rih a lid es w ith Aromatic Molecu lar .
Menshutkin in  I 912 p rep a red  and c h a ra c te r is e d  a number of 
complexes between antim ony t r i h a l i d e s  and v a rio u s  s u b s t i tu te d  
arom atic  m o lecu les^ ^ ' His exam ination of th e s e  system s was
c h ie f ly  concerned w ith  phase diagram  s tu d ie s ,  and s in c e  th en  o th e r  
w orkers have used  v a rio u s  physico -chem ica l methods to  exbend th e  
exam ination . The i n t e r e s t  in  th e s e  system s has a r i s e n  in  th e  
main from a need to  account f o r  th e  non-bonded in te r a c t io n s  which 
a p p a re n tly  e x is t  between th e  component m olecu les.
{ I937) found th a t  th e  SbC l^/benzene system  showed 
d e v ia tio n s  from  id e a l  s o lu t io n  laws in  i t s  s o l id - s o lu t io n  
b e h av io u r. Shrivo (^1938  ^ m easured c ry o so o p ic a lly  th e  e q u ilib riu m  
c o n s ta n ts  f o r  complex fo rm atio n  in  th e  SbC l^/ benzene system .
The r e l a t i v e  s t a b i l i t i e s  of a  number of SbC l^/ arom atic  complexes 
(co n sid ered  as d o n o r-accep to r com plexes) were m easured by
Shinomiya^^ in  l9 3 b . He co n s id e re d  t h i s  s t a b i l i t y  as a fu n c tio n
of th e  degree of d is s o c ia t io n  of th e  complex in  a fu se d  s t a t e ,
computed on th e  b a s i s  o f m e ltin g  p o in t m easurem ents.
A shkanazi^^(l93^) examined th e  Raman s p e c tra  o f aSbCl^benzene 
complex and found new l in e s  a t  477° ahdl T 2 3 bo ml -"which he^ a ss ig n ed  to
bending and s t r e tc h in g  f re q u e n c ie s  of a newSb-benzene bond.
Raskin^^ (1955) looked a t  Raman s p e c tra  f o r  a SbCl^, 
naph tha lene  complex and d isco v ered  Sb-Cl frequency  s h i f t s .  He 
a ls o  found th a t  C -  ^ f re q u e n c ie s  had s h i f t e d  to  low er v a lu e s , 
and new l in e s  and s p l i t t i n g  had appeared . These he a ss ig n e d  
to  T V -o rb ita l in te r a c t io n  of naph tha lene  w ith  SbCl^.The Sb -  Cl 
s h i f t s  he a t t r i b u t e d  to  th e  fo rm a tio n  of a n ap h th a len e  -Sb bond
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and i t s  consequent e f f e c t  on th e  Üb-Gl bonds in  SbCl^,
b t r u o tu r a l  s tu d ie s  o f s e v e ra l  SbX^ /  a rom atic  com plexes, 
u s in g  X -ray te c h n iq u e s , have been c a r r ie d  out by H ulm e^ ^  
and co -w o rk ers , w ith  th e  aim of in v e s t ig a t in g  f u r th e r  th e  
n a tu re  of th e  bonding i n  th e s e  com plexes. A ta b le  of th e se  
com plexes, in c lu d in g  th o se  p rep a red  by M enshutkin and th o se  
in v e s t ig a te d  by Hulme and co -v /o rkers , i s  g iven  below . (Table 2)
TABLh I .
(a )  SbC lj Complexes w ith  A rom atics.
AROMATIC SbGl^ Ar R a tio M.P. (^C ),R ef.N o.
Benzene 2 :1 79 31
Eropylbenzene 2 :1 10 32
11 1 :1 1 .5 32
Toluene 2 :1 42 .5 34
It 1 :1 15 34
Ethylbenzene 2 :1 37 34
il 1 :1 39 34
Iso  any 1 benzene 1 :1 1 .5 ■ 34
p-:^ybne 2 :1 70 34.
11 1 :1 56
2 :1 38 34
tt 1 :1 8 34
o-xy lene 2 :1 33 .8 34
It 1 :1 19 34
p-cymene 2 :1 40 34










oi -o h lo ro n ap h th a len e
^  -o h lo ro n ap h th a len e
oC -'brom onaphthalene
Fluorobenzene
S tilb e n e
Dibenzyl











1 :1 43 34,41
2:1 56 34
1 :1 0 34
2:1 71 35 ,44
2:1 100 35,44
2:1 49 .5 35 ,44
2:1 86 36,41
2:1 46 36
1 :1 29.5 36
1 :1 35 36
1 :1 10
4:1 — 43
2:1 . 76 43 ,44
4:1 77-5 43
R atio R ef. No.
2:1 92.5 31,42
2:1 39 34
1 :1 9 »
1 ;1 33 1
1 :1 1 34
2:1 67,5 34
1 :1 13.5 34
1 :1 24 34 .|
1 :1 10 !
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M esity lene 2 :1 09.5 34
(( 1 :1 • 39 . 34
Pseudoouinene 2 :1 36 34
ti 1 :1 - 34
Diphenyl 2 :1 6 0 .5 35
Diphenylmethane 2:1 90 35
Naphthalene 2 :1 66' 36
(o ) . Shl^ Complexes w ith  A rom atios,
AROMATIC Shl^.jftr R atio  D M .P.(°C) • RË* . NC
Diphenyl 2 :1 161 35
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The s t r u c tu r e s  of th e s e  'arom atic complexes appear to
be l a y e r - l i k e ,  w ith  la y e r s  of i^bCl^ a l t e r n a t in g  w ith  la y e rs  of
th e  a ro m a tic . The s e p a ra tio n  d is ta n c e s  betw een th e  la y e r s  a re
of th e  o rd e r of th e  norm ally  accep ted  Van der Waals d is ta n c e s  of about
3 . 5A. A f u r th e r  p o in t of i n t e r e s t  i s  th a t  th e  " in c ip ie n t  dim er"
possikly
c o n f ig u ra tio n  of th e  bbUl m olecules which occurs in  th e3 A
antim ony t r i c h lo r i d e  s tru c tu re ^ ^   ^ i s  p rese rv e d  i n  th e s e  arom atic
com plexes. BbCl bond le n g th s  and th e  bond a n g le s  u l-o b -G l
a re  s im ila r  to  th o se  found  in  th e  unoomplexed m olecu le , 2 . 36A and 
9 5 * 2 ^ re sp e c tiv % . The arom atic  m olecules in  g e n e ra l show no
s ig n i f ic a n t  d i s to r t i o n  from t h e i r  uncomplexed form , in  keeping 
w ith  th e  id e a  of very  weak d ip o le  in te ra c t io n *  f o r  X -ray
s t r u c tu r a l  d e t a i l s  of some of th e s e  complexes th e  re a d e r  i s
r e f e r r e d  to  s e v e ra l  th e s e s  of re c e n t y e a r s ^  The s t r u c tu r e
of th e  complex 2WbGl^ , p -xy lene  &nd i t s  com parison w ith  th e
1 :1  analogue i s  d isc u sse d  in  a l a t e r  c h a p te r .
The prom inent chem ical f e a tu r e  of a l l  th e s e  com plexes, and
o f S b G l^ i t s e l f ,  i s  t h e i r  re a d in e s s  to  h y d ro ly se , r e s u l t in g
in  th e  fo rm a tio n  of o x y o h lo r id e s• A d is c u s s io n  of h y d ro ly s is
i n  term s of s t r u c tu r a l  f e a tu r e s  i s  d e fe rre d  u n t i l  a l a t e r  c h a p te r ,
when the nature o f the bonding in'SbGloomplexes has been examined
i n  more d e t a i l .
Recent work w ith  a view to  examining theS bC l^  arom atic
in te r a c t io n  has made use  o f I .K . ,  N.M.K. and E .S .R . te c h n iq u e s .
Perkampus and Baumgarten^^ examined I .R . s p e c tra  of SbGl^ /
m ethylbenzene complexes and came to  th e  co n c lu s io n
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th a t  th e y  væx’e no t o^type com plexes.
G reohischkin  and K yuntsel^^ ( I 9 6 3 ) observed s h i f t s  f o r
121Sb in  N.Q.R. freq u en cy  measurements on SbB r^/arom atic com plexes, 
bu t no s ig n i f ic a n t  change in  Br f re q u e n c ie s .  A s im ila r  s i tu a t io n  
was found.' w ith  SbCl^, and th e  co n c lu sio n  reach ed  was t h a t  th e re  
was no s ig n i f ic a n t  in te r a c t io n  between th e  ha logen  and th e  a ro m a tic , 
and any in te r a c t io n  th a t  e x is te d  o ccu rred  between th e  antim ony atom and 
th e  arom atic  m o lecu le . An e x te n s iv e  N.Q.R. study  of M enshutkin 
complexes of SbCl^ has been r e c e n t ly  re p o r te d  by th e  above w orkers^^
An E.S.H . study  of s e v e r a l . a rom atics  in  m olten SbCl^^^ 
in d ic a te d  th a t  th e re  was s i^ f .S îc a n t  in te r a c t io n  w ith  a rom atics  
hav ing  a  low io n is a t io n  p o te n t i a l  ( e .g .  t e t r a c e n e ,  where charge 
t r a n s f e r  fo rc e s  a re  o p e r a t iv e ) ,  bu t no t w ith  s im p le r hydrocarbons 
w ith  h ig h e r  io n is a t io n  p o te n t ia l s  l ik e  n a p h th a le n e .
from  measurements o f th e  d i e l e c t r i c  c o n s ta n ts  of SbCl^
50in  s o lu t io n  i n  benzene, p -x y len e  and m e s ity le n e , G erb ier 
concluded th a t  th e  complexes form ed betw een th e  t r i h a l i d e  and th e  
a rom atics show a p o la r  moment due to  e le c t ro n  t r a n s f e r  from  th e  
arom atic  to  th e  SbCl^ m olecu le , accompanied by an induced  p o la r i s a t io n  of 
th e  a c c e p to r  m olecu le .
A re c e n t  N.M.R. study^^ o f 8bC l, in  benzene and to lu e n e  a t  v a rio u s  
c o n c e n tra tio n s  and a t  tem p era tu re s  between ?^C and 70*  ^ C 
su g g ested  t h a t  r a p id  exchange occurs betw een f r e e  so lv e n t 
m olecules -and d is o lv a te d  SbCl^, f u r th e r  te s tim o n y  t o  th e
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r e l a t i v e ly  weak n a tu re  o f th e  arom atic  -S b c l^ lin k a g e s .
(v) Some_Ngyel Packing Complexes: *Solvated  Complexes
H ith e r to ,  a l l  th e  pack ing  complexes d isc u sse d  have invo lved
th e  pack ing  to g e th e r  o f ■. sim ple un liganded  m o lecu les , f o r  example
SbCl^ and an arom atic  m o lecu le . R ecen tly , th e  s t r u c tu r e s  of
c e r t a in  compounds have been re p o r te d  vdiere th e  l ig a n d in g  sp e c ie s
p lay s th e  d u a l r o le s  of lo n e -p a ir  donor and s o lv a tin g  m olecu le .
This i s  w e ll  i l l u s t r a t e d  in  th e  complexj^Cj-H N)pCu(Nü,) J2,C  H N,5 5 — 3 — 5 5c pre p o r te d  by Cameron and co-w orkers • T his c r y s t a l l i s e s  in  th e  
space group P 2 |/c ,  w ith  two u n i t s  of [  J ;^ .- ( p y )
per u n i t  c e l l .  The dim er [(py )^Cu(NU^)g]g i s  cen trosym m etric
w ith  two b i  dent a te  n i t r a te - g r o u p s  e f f e c t in g  asymmd:ric b r id g in g  th rough  
oxygen atom s. The second n i tr a to -g ro u p  c o -o rd in a te s  w ith  each 
copper atom in  c h e la te  fa s h io n  th rough  two oxygen atom s. Two 
p y rid in e  r in g s  a re  bonded t r a n s  to  each copper atom , and 
p e rp e n d ic u la r  to  th e  p lane  of th e  n i t r a to - g r o u p s .  The t h i r d
p y rid in e  m olecule i s  unbonded, an d lM s a t  a c e n tre  of symmetry,
py r . . .  4th e re  b e in g  two such per u n i t  c e l l .  T his g ives r i s e  to
s t a t i s t i c a l  d iso rd e r  of th e s e  m olecules in  th e  l a t t i c e ,  producing  
an o v e ra l l  "centrosym m etric average'*.
The t r im e r ic  n itr i to -o o m p le x  j^N i(^ -p ico line)g (N U ^)^]^  C^ ^H^  
d e sc rib e d  r e c e n t ly  by Rogers and co-w orkers , i s  s im ila r  to  th e  
above copper complex i n  t h a t  th e  n i t r i t e  b r id g in g  groups a re  oo - 
p la n a r 'a n d  th e  p -p ico lin e  u n i t s  a re  bonded ,t_r,ar^ and p e rp e n d icu la r  
to  th e  p lane  c o n ta in in g  th e  b r id g in g  groups. Both compounds
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c o n ta in  s o lv a tin g  i.a'fomatiQ- m o lecu les, in  th e  copper complex p y r id in e , 
and in  th e  n ic k e l  complex benzene.
A f u r th e r  example o f t h i s  ty pe  of packing i s  found in  th e  
complex re p o r te d  by S ta lio k  and Ib e rs^ ^ , 2NiBr^(P(C-^H^ )
(C H ^)g.N iB r^:(P(O ^H ^) ( C l y ) ^ . 2C^Hg. This c r y s t a l l i s e s  
in  th e  space-group  P I, th e  NiBr^L^ (L=P(C^H^}(CH^)2 ) m olecu les 
be ing  a t  a c e n tre  of symmetry v /ith  one m olecule p e r u n i t  c e l l ,  
th e  NiBr^L^ &nd benzene m olecules ly in g  in  g e n e ra l p o s i t io n s  
w ith  two m olecules of each p e r u n i t  c e l l .  The s t r u c tu r e  
b a s ic a l ly  c o n s is ts  of a l t e r n a t e  la y e rs  of NiBr^L^ andNiBr^L^ , 
w ith  benzene m olecules packing  in  h o les  between NiBr^L^ u n i ts  
and ly in g  in  th e  NiBr^L^ la y e r s  r a th e r  th a n  th e  NiBr^L^ la y e r s .
The NiBr^Lg u n i ts  i s  square  p la n a r  and centrosym m etric  about 
n ic k e l .  The NiBr^L^ i s  t r ig o n a l  b ipy ram idal v /ith  e q u a to r ia l  
h a lo g en s.
Powell and co-w orkers have r e c e n t ly  in v e s t ig a te d  an 
a d d it io n  oompound^^, , T h is complex'
c r y s t a l l i s e s  in  space group Pna2  ^« The l i th iu m  io n  i s  c o -o rd in a te d
t e t r a h e d r a l ly  th rough  oxygen to  fo u r  tr ip h e n y lp h o sp h in e  oxide
0groups. Iod ide  io n s  a re  more th a n  8 . 5A away from  th e  l ith iu m  
io n s .  The f i f t h  trip h e n y lp h o sp h in e  oxide u n i t  i s  unbonded to  any
oo th e r  m olecu le , b e in g  more th a n  9 A from  th e  n e a re s t  l i th iu m  ion
Aand over 3 A from  th e  n e a re s t  io d id e  io n . This f i f t h  u n i t  i s  
th e re fo re  p lay in g  th e  r o le  of an " in c lu d ed "  o r " so lv a tin g "  s p e c ie s .
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Euroher examples of t h i s  type  of in c lu s io n  complex a re  th o se
form ed by N i ( ] I ) w ith  m ethy lpyrazine^^  and w ith  c e r t a in
57< -a ry la ll< y lam ines , These have seven l ig a n d  sp e c ie s  per n ic k e l  atom
and a re  ex p la in ed  by hav ing  an o c ta h e d ra lly -c o -o rd in a te d
m etal atom w ith  th e  rem ain ing  l ig a n d  sp e c ie s  occupying a
pack ing  p o s i t io n .
Another pack ing  complex of th e  above type  i s  t h a t  re p o r te d
by Drew and co-worker s ^  ^ . T his i s  th e  complex TII^"]] • 'P j ,
(where py = p y r id in e ; .  The compound c r y s t a l l i s e s  in  th e
space-group  w ith  fo u r  . py m olecules pe r u n i t
c e l l .  The an ion  is  t e t r a h e d r a l .  I t  has no t been p o s s ib le
» .f o r  the a u th o rs  t o  d is t in g u is h  betv/een th e  so lv a tin g *  p y r id in e  
m olecule and th e  p y rid in iu m  io n ,  but th e y  have suggested  th a t  
th e  m olecule w ith  th e  h ig h e r  of th e  two average r in g  tem p era tu re  
f a c to r s  (7*6 and 1 0 .8 ;  co rresponds to  th e  p y rid in e  o f s o lv a tio n .
The a u th o rs  do no t sp e c ify  t h a t  th e re  i s  no in te r a c t io n  between th e  
two p y r id in e  r in g s ;  f o r  example a hydrogen bonaed c a t io n
(py-H îÿ)*^ may occur in  th e  s t r u c tu r e ,  analogous v;ith  th e
(^irÿ-1-ïÿ)'*’ io n  which i s  known. However, in  th a t  th e y  c a l l  one r in g  
a *m olecule of s o lv a t io n ’ i t  i s  assumed th a t  i t  has a  p u re ly  
packing r o l e .  No oo—o rd x n ates  a re  p u b lish ed  a t  th e  txme of 
w r i t in g  .
Charge T ra n sfe r  C om dexes.
The h a lo g en /a ro m atic  system  ( in  p a r t i c u la r  w ith  benzene; 
a f fo rd s  a c l a s s i c a l  and lo n g - in v e s t ig a te d  c h a rg e - t r a n s fe r  system .
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Benezi and H ild e b ra n d 's  e a r ly  s tu d ie s^ ^  of so lu t io n s  of 
io d in e  in  benzene ( in  which th e y  observed th e  fo rm a tio n  of a  
brown co lo u r ; le d  them to  p u s tu la te  a s s o c ia t io n  between th e  benzene and 
io d in e  m o lecu les . The arom atic  was s a id  to  behave as a lT -donor andthe
halogen as an a c c e p to r .
M ulliken (1 9 5 0 )^^ proposed a  c h a rg e - t r a n s fe r  type  in te r a c t io n  w ith
61th e  d iatom ic a x is  ly in g  p a r a l l e l  to  th e  arom atic  p la n e . Eerguson
(195b) found th a t  th e  complex had hexagonal symmetry, w ith  th e
diatom ic a x is  p e rp e n d ic u la r  to  th e  r in g  and d i r e c te d  to  i t s  c e n tre
«a t  a d is ta n c e  of 3*4A away. Benezi and H ildebrand  c o n sid e red  
t h i s  in te r a c t io n  between ha logen  and arom atic  to  be e s s e n t ia l l y  a 
Lewis a c id  -  Lewis base ty p e  of a s s o c ia t io n ,  w h ile  I^hlliken  *s 
d e s c r ip t io n  em phasised th e  c h a rg e - t r a n s fe r  n a tu re  o f th e  fo rc e s  
in v o lv ed , in  term s of a  resonance  of th e  ty p e ;
Benzene  ^  ^ — > Benzene,
M u llik e n 's  views on th e  r e l a t i v e  c o n tr ib u tio n s  of c h a rg e - 
t r a n s f  e r  and d ip o le -d ip o le  fo rc e s  in  th e  I^ /benzene  complex 
need to  be m odified  somewhat in  th e  l ig h t  of re c e n t  s tu d ie s  by
62s e v e ra l  v /o rkers, among them Hanna and W illiam s . A fte r I .K .
in v e s t is s io n s  th ey  have come to  th e  c o n c lu sio n  th a t  th e  in te r a c t io n  
making th e  dominant c o n tr ib u t io n  to  th e  observed  I .K . s h i f t s  i s  th e
benzene-quadrupole h a lo gen -induced  d ip o le  i n te r a c t io n .  Gharge-
t r a n s f  e r  in te r a c t io n s  a re  no t as im portan t i n  de te rm in ing  th e
ground s t a t e  p ro p e r t ie s  of th e s e  compounds as had p re v io u s ly
been supposed, and e l e c t r o s t a t i c  fo rc e s  a re  by no means n e g l ig ib le .
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Th sane comments app ly  to  th e  IG l/henzene system , except t h a t  ICI 
h a s , a d d i t io n a l ly ,  a perm anent d ip o le .
ïy r id in e  a ls o  form s complexes w ith  io d in e  and io d in e  
m onochloride, and Person and co-w orkers have conducted  I .K . 
s tu d ie s  of th e s e  c o m p l e x e s T h e y  have concluded from  th e s e  
t h a t  c h a rg e - t r a n s fe r  c o n tr ib u tio n s  were much g re a te r  in  IC l complexes 
th an  in  th e  co rrespond ing  I^  com plexes. f u r t h e r , ICI complexes
a re  more s ta b le  th a n  complexes w ith  p y rid in e  because of th e  
d ip o le -in d u c e d  d ip o le  fo rc e s  a r i s in g  from th e  perm anent d ip o le  
of IC I.
M ulliken and Person^^" have found th a t  th e  io n is a t io n  
p o te n t ia l  of th e  donor f o r  th e  system s 1 ^ /arom atic  and I^ /a ro m a tic  
amine i s  l i n e a r ly  r e l a t e d  to  th e  energy , E (=hV ^ of th e
(Charge - t r a n s f e r  band.
A novel p y r id in e /io d in e  complex (p y r id in e .2 I^} has been
b5re p o r te d  by H assel and co-w orkers . T his i s  composed of
-  I  -  ^ u n i t s ,  1^ io n s  and I^  m o lecu les , th e  N -  I  -  N
c o n fig u ra tio n  of th e  c a t io n  being  l i n e a r .
Carbon te tra b ro m id e  can form  a 1 :1  complex w ith  p -x y len e^^ , 
in  which th e  in te rm o ie c u la r  -a s s o c ia t io n  i s  a t t r ib u t e d  to  . 
ch ar g e - t r a n s f  e r .  The p -xy lene  tT- system  donates e le c tro n s  to
lo w -ly in g  o r b i t a l s  of th e  h a lo g en . H alf o f th e  bromine 
atoms a re  d ir e c te d  to  th e  c e n tre s  of th e  arom atic  r in g s  and 
l i e  3.54A from  th e  r in g  c e n tre s  and 3-62A from th e  n e a re s t  carbon 
atom. There i s  a bromine atom on e i th e r  s id e  of each arom atic  r in g .
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oThe d is ta n c e  o f 3.62A between halogen and r in g  carbon i s  com patib le  
w ith  Van der Waals f o r c e s ,  and th e  v a l id i ty  o f invok ing  c h a rg e - 
t r a n s f e r  f o r  t h i s  p a r t i c u l a r  in te rm o ie c u la r  a s s o c ia t io n  i s  d o u b tfu l. 
A ta b le  of th e  r e le v a n t  in te rm o ie c u la r  d is ta n c e s  in  some c h a rg e - 
t r a n s f  e r  complexes i s  g iven  below (Table 2 ) .
TABLE 2
Complex I n te r  m olecular D istance(A ) R ef. No
GJdr^. p -x y len e Br-Arom atic 3 o 4 66
Benzene. 01^ Cl-Arom atic 3 .28 * 67
Benzene. Br^ Br-Aromatic 3 .36 * 67
1 ,4  -  d ioxan . Br^ 0 -  Br = 2 .71 68
l , i f  -  d ioxan . ÏC1 0 -  I 2 .6 0 o8
'Acetone Br'2 .0 -^% — 2.82 69
IJ r r id in e . lU l N - ' t 2 .26 65
% rridi n e . N -  I 2.16 63
D istances to  arom atic  r in g  c e n t r e s .
walIwork has co in ed  th e  term  " p o la r is a t io n "  bonded 
7Ucomplex’ f o r  a  group o f m o lecu lar complexes in  which th e
in te r a c t io n s  between m olecules a re  weak (c h a rg e - tr a n s fe r  o r
Van der W aals) and th e  components a re  p o la r is in g  and p o la r is a b le  
u n i t s .  P o la r is a t io n  complexes a re  ty p ifb d  by compounds between
two arom atic  com ponents, in  which th e  s t r u c tu r e  c o n s is ts  of
p l a n e - t o-plane stack ing  of th e  r in g s , r e su lt in g  in  overlap oi the
T T -orb ita ls of the component m olecules. The ta b le  below (Table 3)
a few such com plexes.
R atio P erp en d icu la r 
bepn. (A)
Kef • No
1 :1 3.29 71
1 :1 3.51 72
2 :1 3 .33 73
1 :1 3 .40 74
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summarises th e  r e le v a n t  d e ta i l s  f<
TABLE
G omplex
A nthracene — s — n itro b en zen e
HexamethyJLhenz e n e -o h lo ra n il
H ienol-p-henzo quinone
ly ren e  -1 ,3 ,5 *  7"~t e tra m e th y l-  
u r ic  a c id
Wliiie char g e - t r a n s f  e r  has been suggested  as a s ig n i f ic a n t
c o n tr ib u tio n  to  ShGl^ in te r a c t io n  w itn  p o ly e y e lie  arom atics
such as te t r a c e n e  and p e ry le n e , th e re  i s  no f u l l y  conv incing
evidence to  in d ic a te  t h a t  i t  p lay s  a  s ig n i f ic a n t  p a r t  in
bonding i n  SbOl^ complexes w ith  sim p le r a rom atics  such as
s u b s t i tu te d  benzenes.
Donor-Acceptor Complexes of Anbimonv i r ic h lo r id e *
Antimony t r i c h lo r i d e  i s  Imown to  a c t as an a c c e p to r . The
3antim ony atom can expand ix s  o c te t  from  a bp t e t r a h e d r a l
c o n fig u ra tio n  to  a  8p^d t r ig o n a l  b ipyram idal h y b r id , accommodating
3 2a donated lo n e -p a ir  from  one l ig a n d , and even f u r th e r  to  Sp d 
( o c ta h e d ra l) ,  accommodating two l ig a n d s .
K in e l l ,  L in d q u ist and Laola-isson^^ have examined th e  system  
SbCl^ -  POCl^ in  which an oxygen lo n e -p a ir  i s  donated  to  SbGl^. 
2aclcrisson and Alden^^ re p o r t  th e  donor acc ep to r complexes 
SbOlj.M e, PO and SbClj.2Ma^G0. M enshutkin^^ in  1912  p repared
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se v e ra l  SbCl^ complexes w ith  p o te n t ia l  donors suoh as a n i l in e .
These in c lu d ed  th e  complexes ShCl .faHiMH„,SbGl .^ïhHH BhCl^  ^ 5 2 , 3* 2 ,
b ^ C l,.2 a S H  , (where PaNH  ^ = a n i l i n e ) .  The l a t t e r  complex and 
e omp ex l^.HiKHg have sub seq u en tly  been confirm ed as d o n o r-
77acc ep to r type  compounds by th e  X-ray a n a ly s is  of Scruton  . The
1 :1  complex c r y s t a l l i s e s  in  th e  spaoe-group P 2 |/C  and has a
t r ig o n a l  b ipy ram idal c o n f ig u ra tio n  w ith  an e q u a to r ia l  lo n e -p a ir*
The 1 :2  complex c ry s ta l l is e s  in  th e  space-group Cm and has a
d i s to r te d  o c ta h e d ra l c o n i'ig u ra tio n  w ith  c i s  l ig a n d s .
78Holmes and B e rtau t have c h a ra c te r is e d  amine and phosphine
complexes of bbO'l^. . They re p o r t  th e  compounds SbCl^.Me^N,
SbC l^.ht^N , bbOl^.'BEt^N, 8bCl^*2Me^P (where Me = m ethyl group)
Antimony t r i c h lo r i d e  d isp la y s  two modes of in te rm o ie c u la r
a s s o c ia t io n ,  a  Van der Waals ty p e  of d ip o le  in te r a c t io n  as w ith  
a ro m a tic 7T -system s, or a d o n o r-accap to r in te r a c t io n  in  which i t
expands i t s  o c te t  by a c c e p tin g  a lo n e - p a ir .  The p o s s ib i l i t y  
a r i s e s  of s tu d y in g  th e s e  two ty p es  of in te r a c t io n  in  co m p etitio n
w ith  each o th e r  by in c lu d in g  bo th  fu n c tio n s  ( th e  arom atic  TT-syst em 
and th e  d o n o r- lo n e -p a ir )  in  th e  same m olecu le . To t h i s  end, 
th e  complexes of 5bCl_ w ith  a n i l in e  were examined s t r u c tu r a l ly  
by B oruton. In. th e  p re se n t work, a n i l in e  i s  re p la c e d  
by p y r id in e  in  an e x te n s io n  of t h i s  co m p e titiv e  study  of th e  TT-sydsm 
and lo n e -p a ir  in te r a c t io n s  w ith  SbCl^. I t  a f f o r d s ,  in  a d d it io n ,  
a com parative study  of a n i l in e  and p y rid in e  as lig a n d s  w ith  
re s p e c t  to  ShCl^.
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S bC l^ /py rid ine  complexes which have been re p o r te d  a re
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A) « The p-xy lene  -  SbCl^ System .
I ) • R i r i f i c a t io n  of M a te r ia ls .
In view o f th e  e x is ta n c e  of o - and m -xy lene/ SbGl^ 
com plexes, th e  A.R. p -xy lene  was f r a c t io n a l ly  f ro z e n  in  ic e  
s e v e ra l  tim es to  remove t r a c e s  of o - and m-xylene ( f .p .  of 0 - ,  
m-, p -x y len e : - 2 5 . 2 ^ 0 , 13. 2°G r e s p e c t iv e ly ) .  The 
p u r i f ie d  p -xy lene  was f i n a l l y  checked f o r  t r a c e s  of o - and 
m-xylene by exam ining i t s  I .E .  spectrum  f o r  c h a r a c t e r i s t i c  peaks. 
Carbon t e t r a c h lo r id e  (com m ercial g rade) was, d r ie d  by s ta n d in g  
over calcium  hyd ride  ( la b . r g t . g rade) f o r  s e v e ra l  h o u rs . I t  
was th e n  d i s t i l l e d  from  'che calcium  h y d rid e . No f u r th e r  
p u r i f ic a t io n  was c a r r ie d  o u t .
Chloroform  (com m ercial g rad e) was d r ie d  by s ta n d in g  f o r  
a few houra  over phosphorus pen tox ide  (L .K .' g ra d e ) and th en  
d i s t i l l i n g  o f f  from  -che re a g e n t.
Antimony t r i c h lo r i d e  (L .R . g rade) Was r e o r y s ta l l i s e d  th re e  *. 
tim es from  d r ie d  ch lo ro fo rm . D écantation  of solvenu from  c r y s ta l s  and 
b o t t l in g  of c r y s t a l s  were c a r r ie d  out in  a dry box.
2 .)  P re p a ra tio n  of th e  complex 2S bC l^ .p -xy lene .
The hygroscopic  n a tu re  of SbCl^ and i t s  complexes w ith  
p -xy lene  make i t  n e ce ssa ry  to  c a r ry  out a l l  p re p a ra tiv e  work 
under r ig o ro u s ly  dry  c o n d itio n s  in  a dry box. A c ry s ta l io g ra p h ic
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dry-box , w ith  a  m icroscope mounted th rough  th e  to p ,  was 
c o n s tru c te d  f o r  t h i s  p\.irpose* The d ry ing  agent used  v/as 
phosphorus pentoxide*
The p re p a ra tio n  was c a r r ie d  out in  a sm all c o n ic a l  f l s k  
(lO m l . ; .  About 0 ,3  m l. p -xy lene  was added to  about 0 .25 g. 
antimony t r i c h lo r id e  and th e  two components m elted  to g e th e r .  No 
so lv e n t system  was u sed . I t  was found , however, t h a t  a d ilu e n t 
was needed to  p reven t r a p id  s o l id i f i c a t io n  of th e  m ass, and to  
a llow  c r y s t a l l i s a t i o n  to  ta k e  p l a c e ^ .  A ccord ing ly , a sm all 
volume ( le s s  th a n  0 .5  m l.;  of carbon te t r a c h lo r id e  was added w hile  
th e  components were be ing  m elted . I t  appears t h a t  th e  r a t i o  of 
components p re se n t i s  no t c r i t i c a l  f o r  p ro d u c tio n  of rea so n ab le  
c r y s ta l s  of 2 :1  complex, so long  as an excess of SbCl^ i s  p re s e n t .  
Slow c o o lin g  y ie ld s  c r y s ta l s  o f s u i ta b le  s iz e  and q u a l i ty .  The 
2 :1  complex c r y s t a l l i s e s  as r a th e r  f l a t  n e e d le s , and o p t ic a l  
exam ination  th rough  c ro sse d  p o la rs  showed e x t in c t io n  a long  th e  
n eed le  (a )  a x is .  The b a x is  i s  p e rp e n d io u la r to  th e  la r g e r  
fa c e  of th e  " p la te - l ik e "  n eed le  and o l i e s  in  th e  p lane  of th e
p la te .
- Because of the hygroscopic nature of th ese  c r y s t a ls ,  i t
was n ecessa ry  to  mount them in  Lindemann g la ss  tu b e s  (0 .5  m.m.
in  d iam ô te r)  p r io r  to  x -ra y  photography.
3 . )  A nalysis and D ensity .
A nalysis f o r  antim ony was c a r r ie d  out by d is s o lv in g  0 .0 5 g .
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of th e  sample in  c o n c e n tra te d  h y d ro ch lo ric  acid, and t i t r a t i n g  
a g a in s t N /lu po tassium  br ornate, u s in g  m ethyl re d  in d ic a to r .
The r e a c t io n  i s  as fo llo w s
3 + Bru^ ■}' = 3 Sb^*  ^ + b r 4-
BrO  ^ + 5 Br 4-bH = 3 Br  ^ bh^v
The end-poirn; co rresponds to  th e  p ro d u c tio n  of a c o lo u r le s s  
s o lu t io n  v/heii th e  in d ic a to r  i s  b leached  by *che bromine
produced by an excess of brornate.
The a n a ly s is  f o r  ancimony gave a r e s u l t  co rrespond ing
to  th e  r a t i o  2SbC l^,p-xylene ( i .y A ^ i)
F lo ta t io n  of th e  c r y s ta l s  i n  a  m ix ture  of ch lo roform
(f=± .49>) and e th y i  io d id e  (f= 1 .9 3 ) gave a va lue  of 1 .35
f o r  th e  d e n s ity  of th e  complex. (C a lc u la ted  f  = 1 . 38k f o r
2SbCl^. p-xylene ) .
b) The ïÿ r id in e  -  SbCl^ Bystem
1) R z r if ic a t io n  of M a te r ia ls .
P /r id in e  (L .K. g rade) was d r ie d  w ith  po tassium  hydroxide 
p e l l e t s  from which i t  was se p a ra te d  by d i s t i l l a t i o n .  No fu rth er  
p u r i f ic a t io n  w a sc a rr ie d  o u t .
The ch loroform  so lv e n t and antim ony t r i c h lo r i d e  were 
t r e a te d  in  th e  same way as f o r  th e  p -xy lene  system .
2a) Erenaration of th e  Complex 2SbCl^ -  30
Addition of about 0 .3  ml. pyridine dropwise in to  a 
co ld  saturated so lu tio n  (about 2 m l.)  of antimony tr ic h lo r id e
- 31-in  ch lo roform  y ie ld s  a  mass o f m inute , c o lo u r le s s  c r y s t a l s .
I f  t h i s  m a te r ia l  i s  re d is s o lv e d  in  an excess of dry ch loroform
and th e  r e s u l ta n t  s o lu t io n  a,llowed to  c o o l, f ib r o u s , c o lo u r le s s
n eed les  of th e  complex 2B b C . 3 C a r e  d e p o s ite d . A lte rn a t iv e ly ,
slow a d d it io n  of th e  same q u a n tity  of p y rid in e  to  about ‘ ,2 ml, o f 
a warm s a tu ra te d  SbCl s o lu t io n ,  fo llow ed  by slow c o o lin g ,j
d e p o s its  th e  2 :3  complex. The compound i s  very  hygroscopic 
and was p rep a red  in  a d ry -box . A s u i ta b le  c r y s t a l  was se a le d  
in  a 0 .5  m.m. Lindemann g la s s  tu b e  p r io r  to  photography.
O p tica l exam ination between c ro ssed  p o la rs  showed e x tin c t io n  
a long  th e  d i r e c t io n  of th e  need le  ( c ) a x i s • The a and b axes 
l i e  p e rp e n d ic u la r  to  th e  need le  a x is  and a re  them selves m utually  
p e rp e n d ic u la r .
2b) A nalysis and D ensity .
The potassium  brornate method f o r  th e  e s tim a tio n  of 
antimony gave r e s u l t s  which v a r ie d  from  sample to  sam ple.
The range was from  50^ to  50^ app rox im ate ly . 51-3?^ corresponds 
to  a com position of SbOl .2  p y r id in e , and 45*4^ corresponds to  
2SbCl^. p y r id in e .
The measured d e n s i ty ,  2 .3 0 , (o b ta in ed  by f l o t a t i o n  of s in g le  
c r y s ta l s  in  ta ch loroform  (^ =1 .4 9 9 )/6romoform (C=2.89) m ix tu re) 
d id  no t a llow  a r a t i o n a l i s a t i o n  of th e  c e l l  volume in  term s of an 
a cc ep tab le  number of SbOl^ and p y rid in e  m olecules in  th e  u n i t  c e l l .  
The r e s u l t s  of th e  a n a ly s is  and th e  d e n s ity  measurements a re  
most obv iously  ex p la in ed  by con tam ination  of th e  complex
- 32-
v/ith  f r e e  SbUl^, The c o r r e c t  r a t i o  was only  in f e r r e d  on 
in te r p r e ta t io n  of th e  3-D P a tte rso n  map* (see  P. 69 )
3a) P re p a ra tio n  of th e  Complex BhUl^.O^H^N.
Jr  a la rg e  excess of p y r id in e  (about 3 m l . ) i s  added 
r a p id ly  to  about 1 ml. of a warm s a tu ra te d  s o lu t io n  of 
bhbl^ in  ch lo ro fo rm , and th e  s o lu t io n  allovæ d to  co o l s low ly , 
c o lo u r le s s ,  t a b u la r  c r y s ta l s  o f th e  1 :1  complex a re  d e p o site d  
a f t e r  a few h o u rs . A lte r n a t iv e ly ,  i f  a  warm s a tu ra te d  s o lu t io n  
of bbCl^ in  p y r id in e  i s  a llow ed  to  coo l s lo w ly , c r y s ta l s  of th e  
1 ;1 complex a re  d e p o s ite d .
These c r y s ta l s  a re  very  hygroscopic and must be p repared  
in  a dry-box and mounted in  Lindemann g la s s  tu b es  f o r  photography. 
In  shape, th ey  a re  square p l a t e s .  On o p t ic a l  exam ination  tn rough  
c ro sse d  p o la r s ,  th ey  showed s t r a ig h t  e x t in c t io n .  The b a x is  i s  
p a r a l l e l  vfith one e x t in c t io n  d i r e c t io n ,  th e  o a x is  w ith  th e  o th e r .  
The a a x is  l i e s  in c l in e d  a t  an ang le  of about w ith  th e  p lane  '• 
o f the  p la t e .
3b) A nalysis and D ensity .
Again, a n a ly s is  and d e n s ity  measurements a re  in c o n s is te n t , 
and th e  r a t i o  was in f e r r e d  from  th e  in te r p r e ta t io n  of P a tte rso n  
p ro je c tio n s  (see  P. 89 ) *
A nalysis fo r  antimony u sin g  the potassium brornate method 
gave values ranging from z k - f o  to  3 o f o  (26, 0^ oorresponds to  a 
1:3 SbCl^/ pyridine r a t io ,  and 39«4^ "to a 1:1  r a t io ) .
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A nalysis f o r  p y rid in e  u s in g  a q u an ta tiv e  U.V. method and 
making measurements on a c h a r a c te r i s t i c  peak a t  2 5 5 ^  gave a 
va lue  of 4 8 . 95  ^ p y r id in e . This co rresponds most c lo s e ly  to  
th e  r a t i o  SbCl^ .3  p y rid in e  (c a lc u la te d  ; 5 1 . 0 ^^  p y r id in e ) .
F lo ta t io n  of s in g le  c r y s ta l s  in  a m ixture of chloroform  
( C = 1 . 4 9 9 ) and e th y l  io d id e  (F=1.93) gave a va lue  of 1 .49 
fo r  th e  d e n s ity  of th e  complex. (C alcu la ted  f o r  SbCl^ .3  p y rid in e  
= 1 .4 7 0 ) . f : Î /  ( '70 .
4a) P re p a ra tio n  of th e  Complex 2SbCl^.
Rapid a d d it io n  of about 0 .3  t i l .  p y rid in e  dropwise in to  
a warm s a tu ra te d  s o lu t io n  (about I .5  m l.)  of SbCl^ in  ch loroform  
y ie ld s  a mass of m inute c r y s t a l s  which a re  very  h y g roscop ic .
They a re  c o lo u r le s s  and n eed le -sh ap ed .
O p tica l exam ination  showed th a t  e x tin c t io n  occu rred  in  th e  
d ir e c t io n  of th e  need le  a x is^ b .
4b) A nalysis and D ensity .
A nalysis of th e  complex f o r  p y rid in e  by a q u a n ti ta t iv e  
Ü.V. method gave 1 5 .8 ^  p y r id in e  (c a lc u la te d  : 1 4 .8 ^  p y rid in e  
f o r  2SbCl^. p y r id in e ) .  About 0 .04g . of th e  complex was d is so lv e d  
in  about 2 m l. of c o n c e n tra te d  h y d ro ch lo ric"  a c id  and made up 
to  be about ().01N in  HGl. Measurements were made on a peak 
a t  255 Myu* .
F lo ta t io n  in  a m ixture o f carbon t e t r a c h lo r id e  ( f  =1,63) 
and bromoform ((= 2 .8 9 ) gave a v a lue  of 2 .3 4  f o r  th e  d e n s ity  
of th e  m a te r ia l  ( c a lc u la te d  f o r  2S bC l^ .py rid ine  = 2 .3 4 ) .
- 3 4 ^
P re p a ra tio n  of an ta b le  H ydrolysis P roduct,
Q. from P y rid ine  and Antimony T r ic h lo r id e .
About 0 .5  ml, p y rid in e  was added dropwise to  a warm 
s a tu ra te d  s o lu t io n  (about 3 m l . ) of SbCl^ in  ch lo ro fo rm , and 
th e  a d d it io n  was c a r r ie d  out in  th e  atm osphere. The c le a r  
l iq u id  was decan ted  from  th e  w hite  p r e c ip i t a te  of o sy c h lo r id e . 
C r y s ta l l i s a t io n  from  t h i s  decan ted  s o lu t io n  a p p a ra n tly  produced 
a m ixture of compounds, m ostly  m ic ro c ry s ta l l in e .
A s in g le  c r y s ta l  was p icked  out and i t s  com position  
was determ ined on ly  as a r e s u l t  of i t s  s t r u c tu r e  be ing  e lu c id a te d  
from X-ray d i f f r a c t io n  d a ta .  This i s  d isc u sse d  in  C hapter III . 
5b) A nalysis and D ensity .
A nalysis f o r  antim ony u s in g  th e  potassium  brornate method 
gave a v a lue  of 4 4 .6 ^  Sb.
A nalysis f o r  c h lo r in e  by t i t r a t i n g  c o n d u c tim e tr ic a lly  a g a in s t 
N /lü  AgNO  ^ (u sin g  s i l v e r  and g la s s  e le c t r o d e s ) gave a v a lu e  of 
■37.9^ C l . 0 .04g o f complex was b o ile d  in  5N-NaOH f o r  ^  h ou r.
The coo led  s o lu t io n  was t i t r a t e d  as above.
P /r id in e  was e s tim a te d  u s in g  th e  q u a n t i ta t iv e  U.V. method 
d esc rib e d  in  p rev io u s s e c t io n s .  This gave a v a lu e  of 13.6)b 
p y r id in e . T abu la ted  below a re  th e se  m easured v a lu es  and th e  
p e rcen tage  com positions of some p o ss ib le  complexes :
Found
f^b  fcCl N
44 .6  37.9  13.6
C a lo . (2 S b C l^ .Iÿ r id in e ) 45 .5  39*8 1 4 . /
C alc , (ShCl " Q rrid in ium ’^ ; 35 .6  ^-1.3 23.24
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F lo ta t io n  of c r y s ta l s  in  a m ixture o f carbon  t e t r a c h lo r id e  
((= 1 . 6 3 ) and bromoform (f=  2 . 8 9 ) gave a va lue  of 2 .3 1  f o r  th e  




CONSTRUCTION OF A LOW-TEMPERATURE X-RAY APPARATUS
Low Temperature C rystallography
The thermal parameter, B, i s  a function  o f temperature such 
that a low ering o f the temperature o f the c r y s ta l r e s u lt s  in  a 
decrease in  the magnitude o f B. The e lec tro n  d en sity  fun ction  in  
terms o f th e  p o s it io n a l atom ic parameters i s  m odified by a 
function  exp (-B sin^6 to  make allowance for  temperature 
e f f e c t s .  The lower the value o f B, the higher the magnitudes 
of the e lec tro n  d en sity  maxima, A sharper r e so lu tio n  of the  
e lec tro n  d en sity  maxima i s  obtained . In p h ysica l term s, a lower 
temperature r e s u lt s  in  a decrease in  the. m olecular v ib r a tio n s .
The e f f e c t  o f a temperature decrease i s  f e l t  r e la t iv e ly  to  a 
greater degree by the l ig h te r  atoms which a t room temperature have^ 
in  general, higher temperature fa c to r s .
Another important asp ect o f low temperature work l i e s  in  the  
increased  s t a b i l i t y  a t low tem peratures o f an unstab le c r y sta l to  
decom position through h yd ro ly sis  or o x id a tio n .
D escrip tion  o f th e  Apparatus
The b a s ic  model for  the apparatus i s  s im ila r  to  that  
83described by Altona , in  th a t i t  c o n s is ts  o f a system of two
% /dewars, a la rg e  storage dewar and a sm all tra n sfer  dewar. The 
complete apparatus i s  shown in  F ig , 2 ,
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The S torage Dewgr.
The main dewai' (25 1 . c a p a c ity )  i s  adap ted  to  blow l iq u id  
a i r  th rough  an in s u la te d  p ipe  in to  th e  sm all ’t r a n s fe r *  dew ar.
The 25 1* dev/ar i s  f i t t e d  w ith  a  b ra s s  co ll& r which ho ld s in
p lac e  a b ra s s  p l a t e .  A f l a t  co rk  r in g  betv/een th e  b ra s s  p la te  
and th e  rim  of th e  dewar e f f e c t s  a s a t i s f a c to r y  s e a l  when th e  
c o l l a r  i s  screw ed down. S o ldered  th rough  t h i s  p la te  a re  two 
p ip e s , one f o r  th e  t r a n s f e r  of l iq u id  a i r  and th e  o th e r  
te rm in a tin g  in  a v a lv e . T his va lve  i s  a c t iv a te d  by th e  le v e l
c o n tr o l l in g  th e rm is to r  in  th e  t r a n s f e r  dewar. \%en th e  le v e l in  ^
th e  t r a n s f e r  dewar drops below th e  th e r m is to r ,  th e  va lve  i s  
shu t and a. h e a te r  (10W.; in  th e  s to ra g e  dewar -is sv/itohed on*
The l iq u id  a i r  b o i l s  and th e  r e s u l ta n t  b u i ld  up of p re s su re  
fo rc e s  th e  l iq u id  in to  th e  t r a n s f e r  dev/ax'*. A fte r  th e  t r a n s f e r  
dev/ar i s  f i l l e d  ( i . e .  th e  le v e l  in  th e  t r a n s f e r  dewar reach es 
th e  le v e l of th e  th e r m is to r ) ,  th e  v a lv e  i s  opened again ' and th e  
h e a te r  in  th e  main dewar sw itched  o f f .  T his r e le a s e s  th e -p re s s u re  
in  th e  main dew ar, s to p p in g  th e  f i l l i n g  p ro c e ss .
The main dewar i s  a ls o  f i t t e d  w ith  a s a fe ty  va lve  ( b a l l -  
a n d -sp rin g  ty p e )  which i s  a d ju s te d  to  ppen a t  a  p re s su re  s l i g h t l y  
above t h a t  'à tiw liich the  f i l l i n g  p ro cess  o p e ra te s .
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The Transfer Dewar
This i s ,  in  essen ce , a small dewar v e sse l ( o f  about 150-200 ml. 
cap acity ) w ith a double-w alled , evacuated side-arm . This side-arm  
i s  designed to  f i t  in to  a former which runs c o n c en tr ica lly  in s id e  
a la y e r - l in e  screen o f the W eissenberg camera. The former 
c o n s is ts  o f two asb estos r in gs w ith an extern a l diameter equal 
to  the in te rn a l diameter o f the la y e r - l in e  screen , and i t s  
purpose i s  to  cen tre the side-arm  so th a t the flow  of cold  a ir  
i s  d irec ted  at the mounted c r y s ta l .
Liquid a ir  i s  d e liv ered  through an in su la ted  funnel in to  the  
dewar. This fun nel, and the w ires for  the heater (10 W.) and 
therm istor pass through a "Teflon" l i d .  Sunk in to  t h is  l i d  i s  
a cork r in g , and the l i d  i s  screwed down onto the box contain ing  
and p ro tec tin g  the dewar, The dewar . rim makes contact w ith  
th e  cork r in g , the se a l being made a ir - t ig h t  by the pressure  
e ffe c te d  by screwing down the l i d .
Measurement o f Temperature
The temperature in  the v ic in i t y  o f the c r y s ta l i s  
measured by means o f a copper/constant&n thermocouple w ith one 
jun ction  a t room temperature and the other placed at the mouth 
of the d e liv e ry  tube in s id e  the Weissenberg camera (about 2 cm, 
from the end o f the Lindemann tube or g la ss  f ib r e  m ounting).
The temperature i s  read d ir e c t ly  from a s p e c ia lly  ca lib ra ted  
m illiam eter  (graded in  °C) in  conjunction w ith an a m p lifier .
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Heating Screens
In order to  prevent condensation o f m oisture on the la y e r -  
l in e  screen s, w ith subsequent fr e e z in g , c y lin d r ic a l heating  
elem ents are in ser ted  in s id e  the screen s, one for each o f the  
two screens^^. These elem ents c o n s is t  o f two th in  la y ers o f  
f ib r e -g la s s  w ith the heating  ribbon "sandwiched" between them 
and the whole shaped in to  a uniform cy lin d er  of extern al diameter 
equal to  the in te rn a l diameter of the la y e r - l in e  screen s. An 
ad d ition a l heating c o i l  i s  s itu a ted  around the end of the tube 
d e liv e r in g  cold a ir  in s id e  the camera. The power through
a l l  three heating  elem ents i s  ad ju stab le  by means o f v a r ia c s ,
the two h eating  screen s operating a t about 15-20 W, and the  
c o i l  at about 5-6 W. when the working temperature a t the
c r y s ta l i s  o f the order o f - 120^0 ,
Operation and R esu lts
The present apparatus has a high liq u id  a ir  consumption, 
about ' 2 ,5  1 , per hour. With a sim ple f)in0l©“dewar apparatus 
i t  was p o s s ib le  to  ach ieve consumption ra te s  as low as 1 1 . per 
hour.
The temperature at the end o f the d e liv e ry  pipe i s  varied
—40—
by v ary in g  th e  r a t e  o f b o i l in g  o f th e  l iq u id  a i r  in  th e  
t r a n s f e r  dewar ( i . e .  by v ary ing  th e  power th rough  th e  
h e a te r  by means o f a v a r ia o ) ,  A minimum tem p era tu re  o f 
th e  o rd e r  o f -120 t  5°C a t  th e  end o f th e  d e liv e ry  tube  i s  
p o s s ib le  w ith  th e  e x is t in g  a p p a ra tu s . The tem p era tu re  a t  th e  
c r y s ta l  i s  about 10^0 h ig h e r  th an  th a t  a t  th e  end o f th e  
d e liv e ry  tu b e .
W ith th e  above a p p a ra tu s  l im ite d  low tem p era tu re  d a ta  
(-110^0) has been o b ta in ed  from s in g le  c r y s t a l s  o f th e
complex SbClg.C^HgN.





•“4 2 —CIIAPPKR I I I
I d e n t i f ic a t io n  of th e  A ir S tab le  H ydro lysis R roduct, Q, 
of th e  SbC iV Pyriciine System*
Amongst th e  oxyoh lo rides of antim ony an o th e r p roduct 
has been id e n t i f i e d  in  th e  p resence  of p y rid in e  v/hich proved 
to  be py rid in ium  te tra c h lo ro a n tim o n a te *
I d e n t i f ic a t io n  of one c r y s t a l  was made by v i r tu e  o f a 
p a r t i a l  s t r u c tu r a l  a n a ly s is .
D eterm ina tion  of C e ll  Dimensions and Space Group.
The c e l l  dim ensions were m easured from  X-ray f i lm  d a ta  
c o l le c te d  u s in g  z ir c o n iu m - f i l te r e d  MoKoc ra d ia t io n #  Ç  c v/as 
measured from  a 1^° o s c i l l a t i o n  photograph . ^ a,% were 
measured (u sin g  th e  a x ia l  r e f l e c t io n s  on ly ) from  a zero  le v e l  
W eissenberg photograph about c .  A f i lm  m easuring d e v ic e , 
in c o rp o ra tin g  a s l id in g  V ern ie r m illim e tre  s c a le ,  was used .
Ü-The ang le  ^ was m easured from  a zero  la y e r  W eissenberg 
photograph about b . The c e l l  dim ensions a re  summarised 
in  Table 5»
The o s o i l ld io n  photograph about a showed no symmetry above 
and below th e  zero  l a y e r ,  bu t t h a t  about b d id  show such 
symmetry. The zero  l e v e l  W eissenberg about a  showed symmetry 
ac ro ss  th e  a x es . The combined symmetry of th e  o s c i l l a t i o n  
photographs showed t h a t  th e  system  was m onoolin io , and t h i s  was 
confirm ed by th e  symmetry of th e  Okl and I k l  W eissenberg photographs
The fo llo w in g  sy s tem atic  absences were n o te d ;
h k l ,  when (h-Rc) -  2n*^l, in d ic a t in g  c e n tr in g  on th e
C f a c e .
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-o’rom th e se  absences i t  was deduced th a t  th e  space group 
was e i th e r  Co o r C 2/c, A s t a t i s t i c a l  t e s t  f o r  a  c e n tre  of 
symmetry u s in g  a programme w r i t te n  f o r  th e  purpose and 
c a lc u la t in g  Nz a t  v a lu es  of z  from  0 to  1 sug g ested  th a t  a 
c e n tre  was p robab ly  p re s e n t .
Ihe  r e s u l t  i s  summarised in  a  graph (,fig ..3 ). A curve 
f n r t t e ‘heavy atom ‘case  i s  a ls o  g iven^^ .
P a r t ia l  D eterm ination  o f  th e  S tru c tu re .
I 'h ree '-d im ensional i n te n s i ty  d a ta  ( la y e rs  hOl to  h y l)  
was c o l le c te d  u s in g  Z irc o n iu m -f ilte re d  MoK<?c r a d ia t io n ,  a  
tw o -film  pack was employed, and a t o t a l  of 355 independent r e f l e c t io n s  
was o b ta in e d . I n te n s i ty  measurements were made from  th e  f ilm s  
u s in g  a  c a l ib r a te d  i n te n s i t y  wedge. At’t e r  Lorentz and 
P o la r is a t io n  c o rre c t io n s  had been a p p lie d , th e  la y e r s  were 
p laced  on an a r b i t r a r y  r e l a t i v e  s c a le  by re fe re n c e  to  c ro s s -  
l e v e l  LOkl, l lc l j  d a ta .  Ho a b so rp tio n  c o r re c t io n s  were a p p lie d .
A three-d im ensional Patterson map was computed.
The P a tte rso n  map was i n i t i a l l y  in te r p r e te d  in  term s 
of space group G2/o  w ith  antimony in  a g e n e ra l 8 f o ld  p o s i t io n .
An e le c tro n  d e n s ity  map (C2/ o )  phased on t h i s  antim ony p o s i t io n  
re v e a le d  an u n accep tab le  coïifig u ra t io n  of c h lo r in e  atoms about 
th e  ‘‘heavy” atom. At t h i s  s ta g e  th e  R -xactor was and no
re d u c tio n  o ccu rred  on in c lu s io n  of th e se  "c h lo rin e  p o s i t io n s  .
A model revea led  th a t e igh t antimony atoms in  the u n it c e l l  
gave r is e  to  untenable interm olecular vectors on in c lu s io n  of the
—A6—
in d ioaùed  o n lo r in s  atoms* Xt was th e n  found p o s s ib le  to  
in te r p r e t  th e  th re e -d im e n s io n a l P a tte rso n  map in  term s of fo u r  
antimony atoms p e r u n i t  c e l l  hy c o n s id e rin g  p re v io u s ly  supposed 
Sh-Sb vectorsras Sb~Cl v e c to r s .  A ccord ing ly , th e  space group 
Go was adopted  to  accommodate t h i s  s i tu a t io n  and to  avo id  re c o u rse  
to  th e  p la c in g  ox antim ony in  a  s p e c ia l  p o s i t io n  in  th e  space group 
G2/o.
A th re e -d im e n s io n a l e le c tro n  d e n s ity  map phased on antimony 
alone ( in  space group Co) re v e a le d  two p o s s ib le  c h lo r in e  p o s i t io n s .  
Indusion  of th e  two c h lo r in e  atoms r e s u l te d  in  an a c c ep tab le  R -fao to r 
(20foj, and in d ic a te d  two f u r th e r  p o s s i b i l i t i e s  f o r  c h lo r in e  p o s i t io n s .  
In c lu s io n  of th e s e  f u r th e r  atoms r e s u l te d  in  an R -fa c to r  of 19 ‘/  ^
and re v e a le d  a p o s s ib le  p o s i t io n  f o r  a p y rid in e  r in g .  Xn th e se
i n i t i a l  s ta g e s ,  th e  atoms c o -o rd in a te d  to  antimony were co n sid ered  
to  be c h lo r in e  atoms p r im a r ily  on th e  b a s is  of th e  Sb-A bond 
d is ta n c e s  and on th e  b a s is  of r e l a t i v e  peak h e ig h ts  in  th e  e le c tro n  
d e n s ity  map.
A t h i s  s ta g e  th e  id e n t i t y  of th e  h y d ro ly s is  p roduct emerged as 
I’H irther l e a s t  squares re fin em en t of th e  s t ru c tu r e  
was ahondoned s in c e  i t  was d isc o v ere d  th a t  th e  X -ray s t ru c tu r e  
a n a ly s is  cf th e  compound had heen perform ed by P o rte r  and Jacobson 
(P o rte r  S .K ., Jacobson h .A . , J .  Chem. S oo ., I 3 5 8 , - 197o)..
The above au th o rs  had o b ta in ed  th e  b e s t re fin em en t in  term s o f th e  
space group C2/o w ith  antimony i n  a s p e c ia l  p o s i t io n  on th e  tw o -fo ld  
T his tw o -fo ld  symmetry about antimony was emerging in  th eax is
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e le c tro n  d e n s ity  maps phased in  space group Co, bo th  in  term s of th e  
c h lo r in e  peak h e ig h ts  and in  term s of th e  Sb-Cl d is ta n c e s  and c h lo r in e
p o s itio n s*
The c e l l  dim ensions o b ta in ed  by P o rte r  and Jacobson a re  given 
and compared in  Table b*
The K -fac to r f o r  l im i te d  f i lm  d a ta  (355 r e f l e c t i o n s ) 
u sin g  th e  f i n a l  c o -o rd in a te s  o f Portekand Jacobson in  space group 
C2/c i s  9*5^ ( o f * P o r te r ’s and Jaco b so n 's  d if f ra c to m e te r  d a ta  
which gave 5*8%;. Comparison o f th e  above a u th o r s ' d if f ra c to m e te r  
d a ta  Y/ith th e  p re se n t f i lm  d a ta  gave an R -fa c to r  ^Xm)
of 9*9%. This i s  of th e  o rd e r of m agnitude to  be expected  f o r  
such a comparison* A l i s t i n g  of th e  re le v a n t  s t r u c tu r e  f a c to r s  
i s  to  be found in  Appendix I I .  ' '
Three independent Sb-Cl d is ta n c e s  a re  found in  th e  SbClj^ 
an io n , 2*5bA, 2.64A and 3.13A . The l a t t e r  two d is ta n c e s  a re  
a s s o c ia te d  w ith  b rid g in g  halogencatom s* By v i r tu e  of. t h i s  
b r id g in g , antimony ach iev es o c ta h e d ra l c o -o rd in a tio n  and th e  anion  
ta k e s  th e  form  of an i n f i n i t e  chain* A ll an g les  C l-Sb-C l a re  c lo se  
to  9U^* The e s s e n t ia l  f e a tu r e s  o f th e  s t r u c tu r e  a re  i l l u s t r a t e d  





-  Structure of bbCl “ anion in  gyriainium tetraohloro-
antlmonate*
CHAHPER IV
The Structure o t  the Complex 2SbCl^.p~xylene a t -IIQ^C 
Determ ination of C ell Dimensions and Space Group
A 15° o s c i l la t io n  photograph (z irco n iu m -filtered  MoKa rad ia tion )  
about the a a x is  showed no symmetry above and below the zero la y e r -  
l in e ,  in d ic a tin g  th at the c r y s ta l belonged e ith e r  to  the t r i c l i n i c  
or the m onoclinic system , A zero -la y er  MoKo: W eissenberg photograph 
about Or showed synmietry across each o f two p o ss ib le  axils which were
90° apart. In the f i r s t  le v e l  Weissenberg photograph about th is
same a x is  th ere  i s  symmetry across only one of th ese  (c )  a x e sf  The ' 
combined symmetry of the o s c i l la t io n  and Weissenberg photographs 
in d ica ted  th at the l a t t i c e  was ’m onoclin ic.
The system atic  absences in  the in te n s ity  data were as fo llo w s :
hkl; no c o n d itio n s , in d ica tin g  a p r im itiv e  c e l l ;
hoi when 1 = 2n + 1, in d ic a tin g  a c g lid e  perpendicular
to  b;
oko when k = 2n + 1, in d ic a tin g  a 2  ^ screw a x is  p a r a lle l
to  b.
The space group i s  thus P2 / c  (No,1 4 ). There are two u n its  o f 2SbCl„,1 ,o
p-xylene per u n it  c e l l ,  w ith  the p -xylene n e c e ssa r ily  ly in g  around a 
sp ec ia l tw o-fo ld  p o s it io n  (a t  a cen tre o f symmetry).
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Low temperature (-110  ^ 10°C) c e l l  dimensions were measured 
from photographs taken using z irco n iu m -filtered  MoKof ra d ia tio n .
The measurements were made using  a film  measuring d ev ice  incorporating  
a s l id in g  m illim etre  vern ier  s c a le ,  and "were measured
from an hoi Weissenberg photograph, w hile  ^ were measured
from an okl photograph. Room temperature c e l l  dimensions were 
a lso  measured from Mo data. was obtained from a 15° o s c i l la t io n
photograph about à  ,  and ^ ^  ^ from an Okl W eissenberg photograph,
^ QSp was obtained by the method o f angular lag  app lied  to  the Ik l la y e r .
Both s e ts  o f c e l l  data are summarised below, and d e ta ile d
measurements are given in  Table 6 .
Room Temperature C ell Data Low Temperature C ell Data
a 9,18 ± .07 X 9,13 ± .08 X
b 8,54  t .04 X 8,44 t .04 X
c 13,06 t ,13 & 12,79 t .08 A
P . 124^,43' ± o1 125621» ± 13*
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Determ lnation of the Structure
Weissenberg photographs about the a a x is  (Okl -  6k l) were 
taken a t -110°C using  zirconium f i l t e r e d  MoKof r a d ia tio n , and a 
to ta l  o f 920 independent observable r e f le c t io n s  were obtained , A 
two film  pack was used and long and short duration exposures taken  
in  order to  achieve a more accurate estim ate o f very strong and 
very weak i n t e n s i t i e s ,  and to  in crease  the amount o f data. Two 
b a x is  c r o s s - le v e ls  were a lso  obtained for  layer  sc a lin g  purposes 
(hOl, h l l ) .
During the c o lle c t io n  o f the low temperature data , the c r y s ta ls  
s p l i t  and broke up, and slow co o lin g  from room temperature did not 
overcome t h is  problem. Several attem pts had to  be made to  obtain the  
data because o f t h is  problem. An in teg ra tio n  camera was used to  
compensate for  v a r ia b il i ty  in  spot shape w ith 0,
A fter  ind exing , the in t e n s i t ie s  were estim ated by using  a 
standard, ca lib ra ted  in te n s ity  wedge, A fa c to r  was ca lcu la ted  between 
the two film s ( f a s t  and medium, I lfo r d  In d u str ia l G and B) in  order 
to  put the in t e n s i t i e s  measured from both film s on the same s c a le .  
Lorentz and p o la r isa t io n  co rrec tio n s were applied  to  the measured 
in t e n s i t i e s ,  but no absorption correction s were a p p lied , (L ,P, 
C orrection programme w ritten  for  I.B.M, 1620 computer by E .J , Gabe).
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Nor were co rrectio n s made for  d if fe r in g  spot shape in  d if fe r e n t  
areas of the f ilm . C ro ss-lev e l photographs a llow  th e .var iou s  
layers to  he put on a r e la t iv e  arb itrary  s c a le ,
A Patterson p ro jectio n  down a based on room temperature 
(Okl) data revealed  the Sb atom and a subsequent e le c tr o n  d en sity  
p ro jec tio n  based on stru ctu re  fa c to rs  which were phased on the  
("heavy") antimony atom alone revealed  two ch lorin e  p o s it io n s ,
A three-d im ensional Patterson map based on the AiTgjUBg? two- 
th ir d s  o f the low-temperatu re in t e n s i t i e s  confirmed the y , z 
coord inates fo r  antimony and gave the x coord in ate. The subsequent 
three-dim ensional e lec tro n  d en sity  map, based on the antimony 
p o s it io n  on ly , revealed  a l l  th ree ch lorin e  p o s it io n s  and resolved  
the p-xylene m olecule around the cen tre o f synmietry. The R -factor , 
w ith  antimony alone used to  c a lc u la te  stru ctu re  fa c to r s , was 38%,
Refinement o f the Structure
Refinement was carried  out by using a stru ctu re  fa c to r /1 e a s t  
squares programme w r itten  by G,A. Mair a t the Royal I n s t itu t io n ,  
In clu sion  o f  the three ch lorin e  atoms follow ed by r e sc a lin g  o f the  
la y ers dropped the R -factor to  15,0%, In clu sion  o f a l l  the atoms 
(four independent carbon atoms in  ad d ition  to  Sb, Cl) and using  
about 800 o f th e  920 r e f le c t io n s  ( i* e .  om itting  the very low value
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r e f le c t io n s )  gave an R -factor  o f 12,9% a fte r  f iv e  rounds of l e a s t ,  
squares refinem ent ( i . e .  m inim ising where A P i s  the
d iffe r e n c e  between Fo and Fc, the observed and ca lcu la ted  
stru ctu re  fa c to r s , and w i s  the weight assigned  to  each r e f le c t io n ) .  
The w eighting scheme used throughout was as fo llo w s:
w = Fav/Fo, i f  Fo Fav;
w = Fo/Fav, i f  Fo < Fav,
where Fav i s  the mean observed stru ctu re  fa c to r . This g iv es a
w eighting which f a l l s  o f f  for  high and low in t e n s i t i e s  and has a
maximum value o f u n ity  for  average in t e n s i t i e s ,  r e f le c t in g  the  
v a r ia b il i ty  in  c er ta in ty  o f measurement using a ca lib ra ted  film  
wedge.
A fter  a fu rther r e sc a lin g  o f  the la y ers and in c lu s io n  o f a l l  
920 r e f le c t io n s ,  the R -factor dropped to  11,8%,
The above refinem ent o f the p o s it io n a l param eters, x^, y^, ,
and o f the is o tr o p ic  thermal parameters was carr ied  out w ith a l l  
the atoms fr e e  to  move independently. At t h is  p o in t, an 
examination o f the p -xylene ring in  terms o f C-C bond d istan ces  
and C-C-C bond angles showed some s l ig h t  d is to r t io n  from an 
expected id e a l m olecule in  two r e sp e c ts . F ir s t ly ,  the m olecule was 
not com pletely p lanar, in  th a t the su b stitu en t methyl groups were
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bent s l ig h t ly  out o f  the plane o f the benzene r in g . Secondly, 
the r in g  C-C bond len gth s had deviated  from the id e a l value of  
1,395 X expected for  a benzenoid aromatic bond.
The p -xylene molecule was id e a lis e d  and a s e t  o f orthogonal 
coord inates ca lc u la ted . The p o s it io n  o f the id e a lis e d  m olecule  
was defined  by th ree  angles and three d ista n ces from the r in g  centre  
to  the o r ig in  o f an orthogonal c e l l ,  th ese  angles and d istan ces  
being defined  w ith  resp ect to  the orthogonal c e l l  a xes. This was 
carried  out by usin g  a "mean plane" programme (IBM 360/44,
Fortran IV) wliich a llow s the aromatic m olecule to  be defined in  v 
terms o f the above s ix  param eters, . Keeping th e  antimony and ch lorin e  
atoms fr e e  and the r in g  r ig id ,  the parameters x^, y^, z^, B^, 
fo r  the fr e e  atoms, and ©, , x ’ , y*, z* , B^  for  the r ig id
ring were refin ed  using  a r ig id  body le a s t  squares programme 
w ritten  by R, Hulme (I.B .M . 360/44, Fortran IV, "PARIBLES"), and 
embodying a b lock-d iagonal approxim ation,0 , ^ ,'i|/.a re  the angles  
which the plane o f  th e  r ig id  r in g  make w ith  the x , y , and z orth o- . 
gonal axes r e sp e c t iv e ly , and x^, y®, z* the corresponding d istan ces  
from the r in g  cen tre to  the o r ig in  o f  the c e l l .
A fter  th ree  rounds of refinem ent (u sin g  the w eighting  
scheme which has already been o u tlin ed ) the R -factor  dropped
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to  10,9%, The "Paribles" programme a lso  had f a c i l i t i e s  for
layer  s c a le  refinem ent.on each round as values were 
87is o tr o p ic
On fre e in g  a l l  the atoms fo r  a f in a l  two rounds of 
le a s t  squares refinem ent, i t  was found that the r e su lt in g  
parameter sh ifts  were l e s s  than the corresponding standard 
d e v ia tio n s , although the same lengthening o f one C-C bond 
and shortening o f  two others in  the aromatic r in g  was found, 
as has been reported above. The departures from id e a li ty  in  
the aromatic rin g  are sm aller than the standard d ev ia tio n s  
o f the bonds and angles in vo lved .
The f in a l  R -factor  for  920 observed r e f le c t io n s  was 11,3%, 12 
unobserved r e f le c t io n s  had ca lcu la ted  stru ctu re  fa c to r s  (Fc) 
which were greater than th e ir  a llo c a ted  F-observed values o f  
a h a lf  the lo c a l  minimum, and a l l  o f th ese  were w ith in  tv?ice 
th e ir  lo c a l  minimum. The r e la t iv e ly  low R -factor found for  
the r ig id  body system compared w ith the refinem ent in  which 
a l l  o f the atoms were fre e  i s  explained by the fa c t  that  
w h ile  four independent carbon atoms are defined  r ig id ly  by s ix  
param eters, t h i s  lo s s  in  the number o f degrees of freedom i s  
compensated by the in trod u ction  of severa l new parameters in
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the form o f la y er  sca les^  (fo r  O kl-6kl la y e r s ) .
The v a r ia tio n  o f the R -factor w ith s in e  0 and over various
ranges o f the observed stru ctu re  fa c to rs  (P^ ) i s  given below  
4rce  atvm  ref* m  mcwt.
Sine Ranges 0 ,250 0,354 0.434 0 ,501 0 .560
R. Factors 9.91 10,21 13.65 16.66 20.54
No. o f R efIn s. 243 313 209 123 32
Fobs, Ranges 192 ;38V- 576 768 960
R. Factors 18.28 11.69 8 .05 8 .42  10,30
No. o f  R efIns, 317 400 162 39 2
For Fq» see Appendix I ,  The f in a l  .a tom ic•coordinates 
and temperature fa c to r s  are l i s t e d  in  Table 7 ,
D escrip tion  o f the Structure  
The e s s e n t ia l  fea tu re  o f the stru ctu re  i s  the la y e r - l ik e  
nature o f the m olecular arrangements, w ith  la y ers  o f antimony 
tr ic h lo r id e  a lter n a tin g  w ith  la y er s  o f p -xy len e . This i s  shown 
in  f ig u r e  6 , which i s  a general view o f the u n it  c e l l .  The 
system o f numbering o f  the atoms i s  given in  f ig u r e  5 ( b ) .
The antimony tr ic h lo r id e  m olecules are or ien ted  w ith th e ir  
d ip o les  a n t ip a r a l le l ,  but they are too fa r  apart fo r  halogen
bridging to  occur, (The distance- from a ch lo r in e  atom o f one o f  
the Sb atoms to  the other Sb atom i s  3 .24 t  O.OlX). The term 
" in c ip ien t dimer" has been coined to  d escrib e  t h is  o r ie n ta tio n , 
'Whioh oQouro in  antimony tr ic h lo r id e  i t o o l f y
The d istan ce  from the antimony atom to  the n earest carbon 
atom i s  3 ,lsX , much sh orter than the Van der Waals d istan ce  o f S.sX. 
The carbon atom in  question  (C (4)) i s  the rin g  atom bonded to  
the su b stitu en t methyl group. A p ro jection  down the C l(3 ) -  Sb 
bond shows th at the atoms C l(3)-Sb-C (4) are alm ost c o - lin e a r .
The Cl(3)~Sb d ista n ce  i s  s l ig h t ly  longer than the other two Sb-Cl 
d istan ces (2 .369  -0 .0 1 4  X compared w ith 2 .303 t o . O l l  R and 
2.319 i 0.013 X ) .  This Sb-aromatic in te r a c tio n  i s  shown d iagra- 
m a tica lly  in  the p ro jec tio n  do^ vn the C l(3)-Sb  bond in  fig u r e  '
5 ( a ) ,  p . 6 Î .
The arom atic r in g  shows cer ta in  d ev ia tio n s from id e a l i t y ,  
but none o f th ese  are s ig n if ic a n t ,  the g r ea te s t d ev ia tion  being  
only 1 *5 tim es the standard d ev ia tio n . The bonds C (4)-C(2)
(1 ,37  *0 .07  X) and C (4)-C (3) (1 .37  i o . 0 5  X) are shortened and 
the bond C (2)-C (3) (1 .48  Î0.D 6 X) i s  lengthened compared w ith an 
id e a l C-C aromatic bond len gth  o f 1.395 X, The bond C (4 )-C (l)
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i s  bent s l ig h t ly  out o f p lane, and away from the Sb atom.
These d ev ia tio n s from the is o la te d  SbCl^ and p-xylene  
m olecular geometry, taken togeth er , are su g g estiv e  of a 
weak Sb-aromatic in te r a c tio n  in vo lv in g  some tendency to  
lo c a l i s a t io n  of the Tc-aromatic system.
Interm olecular and intram olecular d is ta n ces and bond angles  
are to  be found in  Table 8.
•61
TABLE 7
F raction a l Coordinates and Iso tro p ic  Temperature Factors 
( e . s .d .  ( in  b rackets) r e fer  to  le a s t  s ig n if ic a n t  d ig it s ) ,
X B
Sb 0,3899(04) 0 ,1072(03) 0 .0995(02) 1 .0 6 (0 2 )
C l( l) 0 .3320(15) 0 ,3457(11) -0 .0 5 3 (0 9 ) 2 .9 2 (2 0 )
C l(2) 0 .4991(13) 0 .2233(10) 0 .2962(08) 2 .0 2 (1 6 )
C l(3) 0 .6793(13) 0 .0874(12) 0.1432(08) 2 .60 (18 )
C (l) 0 .0105(65) 0 .3137(47) 0.1080(38) 3 .2 (8 )
C(2) 0 .0652(58) 0 .0172(46) 0 .1276(36) 2 .8 (8 )
C(3) 0 .0557(48) -0 .1393(43) 0 .0709(29) 2 .2 (7 )
C(4) 0 ,0125(56) 0 .1538(46) 0 .0560(34) 2 .9 (8 )
TABLE 8 .
Bond D istances and Angles 
(standard D eviations in  brackets)
a ) .  Intram olecular Bond D istances and Bond Angles,
Sb - C l( l ) 2 .303(11)8
Sb -0 1 (2 ) 2 .319(13)8
Sb -C l(3 ) 2 .369(14)8
C l( l ) - C l( 2 ) 3 .3 8 (2 )8
C l( l ) - C l( 3 ) 3 .3 8 (2 )8
C l(2) -C l(3 ) 3 .4 0 (2 )8
C (l) -C (4) 1 .5 1 (6 )8
C(2) -C (3) 1 .4 8 (6 )8
C(2) -C (4) 1 .3 7 (7 )8
C '(3) -C (4) 1 .3 7 (5 )8
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C1(1) - Sb -  Cl(2) 9 4 .1 (4 ) °
c i ( 0  - Sb -  C l (5) ■ 92 . 8 (5 )°
Cl(k) — Sb -  Cl(3) 93 . 1 (5 )°
C(1) - 0 (4 )  -  0 (2 ) l 23 l o ( 4 . 8 )°
C(1) - 0 (4 )  -  0 ° (3 ) 119 . 3 (3 . 9 )°
C(2) - C(4; -  c ( 3 ) 117 . 2 (2 . 7 )°
CC3) - 0 (2 )  -  0 (4) 121 . 4 (5 . 0 )°
G ' ( w  • 0 (5 )  -  0 (2 ) 117 . 4 (2 . 7 )°
b ) .  Some In te rm o le o u la r D istances and
( s ta n d a rd  d e v ia tio n s  in  b ra c k e ts
Sb -  0(2) 3 . 28 (5 ) i
Sb “ 0 (4 ) 3.18(6)2.
Sb -  0«(3) 3 . 3 3 ( 4 ) i
Sb -Sb' 4.440(6)2,
Sb -  01>(3 ) 3 .235(14)2
















































The Structure o f the Complex 2 , 3C^ H^ N 
Determination o f C ell Dimensions, Space Group & Composition.
A 15° o s c i l la t io n  photograph (z irco n iu m -filtered  MoKa
ra d ia tio n ) showed symmetry above and below the zero la y e r - l in e ,
in d ic a tin g  th at the c r y sta l belonged e ith e r  to  the monool-inic
system and was being rotated  about the unique (b) a x is , or e ls e
to  the orthorhombic system ,
A zero layer  Weissenberg about th is  same a x is  showed symmetry
across both remaining axes, which were 90° ap art. This symmetry
was preserved in  upper le v e ls  in d ica tin g  th at the relevan t
system was orthorhombic. This was confirmed by c r o s s - le v e ls
oabout another a x is  which showed a 90 angle and c r o ss -a x is  
symmetry.
The system atic  absences in  the in te n s ity  data were as 
fo llo w s;
h k l; no co n d itio n s , in d ic a tin g  a p r im itive  c e l l .
ho i: h=2n4"l, in d ic a tin g  an a g lid e  plane perpendicular to  b,
Okl ; l=2n-fl, in d ic a tin g  a c g lid e  plane perpendicular to a .
[001: l= 2 n + l] , e ith e r  as a su b -set o f Okl or_ in d ic a tin g  a two­
fo ld  screw a x is  along c .
Two p o ss ib le  space groups a r is e  from th ese  absences, a 
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(Pcam, No.57, interchanging a and b a x e s) .
The c e l l  dimensions were determined from photographs 
taken using  zirconium f i l t e r e d  MoKa ra d ia tio n . Measurements 
on the film  were made w ith a film  measuring d ev ice  incorporating  
a s l id in g  vern ier nmi s c a le ,  was measured from a 15° 
o s c i l la t io n  photograph about the c a x is ,  %  ^ were measured
from a zero -la y er  Weissenberg photograph (hko) about c . These 
measurements, and the c e l l  dimensions derived from them, are  
given in  Table 9,
The c e l l  volume i s  2342 With the measured d en sity
(2 .3 0 ) ,  t h is  im p lies a c e l l  weight o f 3257, On the b a s is  o f  a 
volume o f 120 for  a pyrid ine m olecule and 120 for  a 
SbClg m olecule, the com position i s  lim ited  to  four u n its  o f 4 :1 , 
3 :2 , 2:3  or 1:4 (SbCl^: p y r id in e ), i . e .  a t o t a l  o f f iv e  m olecules 
per asymmetric u n it . The c e l l  weight favours th e  r a tio  3 :2 ,
Determ ination o f the Structure  
Three-dim ensional room temperature data was c o lle c te d  about 
the c a x is  ( la y e r s  hkO-hkO, 329 independent r e f le c t io n s )  using  
z ir co n iu m -filter e d  MoKa ra d ia tio n . A ’.'Nonius” X-ray camera was 
used, in te n s ity  data being recorded on a tw o-film  pack. The 
in t e n s i t i e s  were estim ated by means o f a ca lib ra ted  in te n s ity
6 9 -
wedge. Lorentz and p o la r isa t io n  co rrec t io n s , but no absorption  
co rrec tio n s , were applied to the i n t e n s i t i e s .  The lay ers  were 
put on an arbitrary  r e la t iv e  sc a le  by means o f  hOl and h l l  
c r o s s - le v e l  c o rre la t io n  o f  the L.P, corrected i n t e n s i t i e s ,  prior  
to  the computation o f  a three-dimensional Patterson map.
When the three-dim ensional Patterson mapvras computed' the  
composition of the complex was not f u l l y  known. The most 
s a t i s fa c to r y  in te rp re ta t io n  of the Patterson map involved two 
independent antimony atoms, hkO and hOl e lectron  density  
projec t io n s  based on space group Pca2  ^ confirmed that th ese  two 
p o s it io n s  for  antimony were p o s s i b i l i t i e s ,  but revealed no 
further atomic p o s i t io n s ,
A three-dim ensional e lectron  density  map phased on the two 
independent antimony atoms alone in  space group Pcam gave an 
i n i t i a l  R -factor  o f  95.0%. This R -factor did not diminish on 
the in c lu s io n  of p o s s ib le  ch lorine  p o s i t io n s .  The th ree-  
dimensional e lec tro n  density  map phased on the antimony atoms 
alone in  space group Pea2  ^ gave an R -factor o f  32%, The map 
revealed s i x  p o s s ib le  ch lorine  p o s i t io n s ,  but these  were not 
p o s i t io n s  which gave the expected pyramidal geometry for  the  
two independent nominal antimony t r ic h lo r id e  m olecules. I t  
became necessary to accept that one o f  the antimony tr ic h lo r id e
-7U-
"molecules" was planar on the b as is  o f  the p o s s ib le  p o s it io n s  
revealed  in  the preliminary maps, and to accept a bridging  
halogen with an a ssoc ia ted  Sb-Cl bond length  far  in  excess of  
anything h ith er to  encountered in  SbCl^ -  aromatic complexes.
The correctness  o f  th ese  ch lorine  p o s i t io n s  was confirmed 
by the drop in  the R -factor (to  22%) and the appearance of two 
pyridine m olecules bonded to  an antimony atom in  the e lectron  
d en sity  map phased on antimony and ch lorine  atoms only . The 
drop in  the magnitude o f  the R-factor on the in c lu s io n  of  
th ese  ch lorine  p o s i t io n s  suggested that Pca2  ^ was thus more 
probably the correct space group.
Inclusion  o f  the  two pyridine m olecules lowered the  
R -factor  to 15%. As required by the 2;3 molecular r a t io ,  an 
ad d ition a l pyridine m olecu le .in  a non-bonding p o s it io n  was 
suggested in  the map, although i t  was poorly reso lved . The 
e lectron  d en s ity  map phased by the in c lu s io n  of the bonded 
r in gs did not show s ig n i f ic a n t  improvement in the reso lu tion  
of t h i s  ad d it ion a l non-bonded molecule. However, when a pyridine  
m olecule, centred a t  t h i s  non-bonded p o s i t io n  and s a t i s f y in g  
the observable peaks as best p o s s ib le ,  was included in  the s e t  
of  parameters used to  compute structure  fa c to r s ,  the R -factor
-71-
dropped to  12.4%,
Refinement of the Structure
A fter f i v e  rounds o f  l e a s t  squares refinement (based on
a t o t a l  o f  329 independent r e f le c t io n s  out o f  a p o ss ib le  5,600
up to  siî^ 6=0,5) w ith a l l  atoms fre e  and with iso tr o p ic
temperature fa c to r s  throughout, the R -factor  dropped to 10,0%.
(Structure fa c to r /1 e a s t  squares programme w ritten  by G,A. Mair
for  an I.B.M, 1620 computer).
Some d is to r t io n  was found in  the bonded pyridine m olecules,
and severe d is to r t io n  occurred in  the unbonded pyridine m olecule.
This was a ttr ib u ted , for  the most part, to  the lack of high
angle (6 ) data. To compensate for t h i s ,  the t o t a l  number of
parameters was reduced by describ ing the r ings as r ig id  bodies,
using  the "PARIBLES" programme described in  a previous section^
p 56 . The molecular dimensions used in  the id e a l i s a t io n
84of the pyridine r ings are those given by Bak and 0 0workers
The f i r s t  few rounds o f  l e a s t  squares treatment in  t h i s  
manner led  to a sa t is fa c to r y  refinement fo r  the bonded r in g s .
Two apparently u n sa t is fa c to ry  asp ects  e x is te d  a t  t h i s  point in  
the refinem ent. The bonded molecules did not s e t t l e  in  an id ea l  
position, with the twofold ring a x is  through C-N co linear with
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the antimony atom. Secondly, the unbonded molecule showed 
no tendency to  r e f in e  in  the normally expected manner, 
i . e .  w ith  the magnitude of parameter s h i f t s  decreasing with  
su ccess iv e  rounds. This m olecule was id e a l i s e d  on the b as is  
of bond lengths which were the nean of the three pyridine bond 
lengths^^, and a l l  the atoms were given carbon sc a tte r in g  fa c to r s ,  
the n itrogen  p o s it io n  being unknown. The f i r s t  problem was overc^ ivie 
by r e - id e a l i s in g  the pyridine molecules with th e ir  twofold  
axes co lin ea r  with the antimony atom, whereupon a f te r  three  
rounds o f  refinement using  the "PARIBLES" r ig id  body programme 
the c o l in e a r i ty  was maintained and the R -factor  dropped from 
11,8% to 11.0%. The higher R-factor obtained in  the r ig id  
body refinement compared with the  free-atom method i s  due to 
a decrease in  the t o t a l  number o f  degrees o f  freedom ( i . e .  of  
the number o f  parameters being r e f in e d ) .  I t  was i n i t i a l l y  
thought that the unbonded pyridine m olecule was attempting  
to  o s c i l l a t e  in to  a new p o s it io n  and was introduced in  a 
g r o ss ly  in correct o r ie n ta t io n .  An o r ie n ta t io n  apparently  
compatible with the  angular s h i f t s  ind ica ted  was t r ie d ,  but 
t h i s  was to  no availaand i t  proved again unsuccessfu l in  bring­
ing  about a refinement o f  the r ing  parameters ( i . e .  the angles  
0 , d e f in in g  the r ing  o r ie n ta t io n ) .
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The p o s s i b i l i t y  that the ring was ro ta t in g  about an 
a x is  perpendicular to i t s  plane (a thermal e f f e c t )  was 
next considered. To sim ulate more c lo s e ly  a ro ta t in g  r in g ,  
twelve atoms were introduced to c o n s t i tu te  the r ing , each 
atom being given h a lf  the weight o f a carbon atom in  terms 
of a sc a t te r in g  fa c to r .  No s ig n if ic a n t  d if feren ce  was 
found; the angles 0 , and the temperature fa c to r s ,  B^,
did not r e f in e  to an e s s e n t ia l ly  f ix ed  value. The angular 
s h i f t s  remained la rge  and the temperature fa c to r s ,  in  general,  
continued to in crea se , even a f te r  ten rounds of r igid-body  
refinem ent.
I t  was decided that the l im ited  in te n s i ty  data did not 
warrant further pursuit o f  the refinement process . The 
nature o f  t h i s  unbonded molecule i s  d iscussed  further in  the  
next se c t io n .
The f in a l  R -factor for  329 observed r e f le c t io n s  was 11,0/1’. 
■ 17 T unobserved r e f le c t io n s  had ca lcu la ted  structure  
fa c to r s  (Pc) which were greater than th e ir  a l lo c a ted  
F-observed values o f a h a lf  the lo c a l  minimum, and a l l  of  
th ese  were w ith in  1*5 times th e ir  lo c a l  minimum. A breakdown 
of the R -factor for  various ranges o f  s in e  6 and o f  F-observed 
i s  given below. For F^, F^ l i s t i n g ,  see  Appendix i l l ,
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2The temperature fa c to r  i s  defined as exp ( s i n 0 ) ,A2-
Intramolecular and interm olecular bond lengths and angles  
are given in  Table 11. The atomic sc a tter in g  fa c to r s  used 
were taken from "International Tables", Vol. I l l  (Kynoôh/Pre.ss  ^
•’rl.962 '), the appropriate Hdnl corrections being app lied .
The numbering scheme used for the atoms i s  given in  
F ig . 7 .
Sine Ranges 0,174 0,247 0 ,302 0,349 0 .390
R Factors 11.39 10.07 13.59 12.57 21.51
No. o f  RefIns. 100 131 73 21 4
F obs. Ranges 660 1320 1980 2640 3300
R, Factors 16.60 11,01 9.10 7.71 9,22
No. o f  RefIns. 108 167 44 8 2
Description  of the Structure
The general fea tu res  o f  the structure  are i l lu s t r a t e d
in F ig . 7 . F ig . 8 shows a projection  down the c a x i s .  The
asymmetric un it  c o n s is t s  o f  a un it  (01 Sb * • • Cl-SbCl p^ )p%,,*2 y
where py I'epresents a pyridine molecule. There are four  
such u n its  per u n it  c e l l .  The "antimony tr ic h lo r id e "  un it
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which i s  not coordinated to  pyridine shows an e s s e n t ia l ly  
s im ilar  geometry to  antimony tr ic h lo r id e  i t s e l f  . The 
bond d is ta n ces  and angles are s im ila r ,  and these  can be 
found in  Table 9, This antimony atom, S b ( l)  ( fr a c t io n a l  
coordinates ; 0 ,2122, 0 ,1539, -0 ,0117) i s  linked through 
halogen bridging to syjnmetry re la ted  antimony tr ic h lo r id e  
u n its  ^Sb®(l) (0 .2878, 0 .1538, -0 .5117) and ^Sb(l) (0 .2878,  
0 .1539, 0 .4 8 8 3 ) ,  The bridging halogen atom i s  ad d it ion a l  
to the three halogen atoms i n i t i a l l y  nominally attached to  
S b (l)  and i s  derived (nominally) from the other independent
3antimony atom, 8b*(2) (0 .3466, -0 .1208 , 0 .025 0 ) , S b (l)  i s  
thus involved in  an i n f i n i t e  halogen-bridged chain extending  
down the c d ir e c t io n .  This i s  shown in  F ig . 7- S b (l)  
i s  thus octah ed ra lly  coordinated, with an a x ia l  lone pair of  
e le c tr o n s .  The halogen bridge i s  asymmetric with a S b (l)  -  
^01*(6) (bridging) length  o f  2.990 t  0.033 & and a ^Sb(l) -  
^01’ ( 6) (bridging) length  o f  2.748 t  0 ,033 X,
The other SbCl^ e n t i ty  (Sb(2)) i s  unrecognisable in  terms 
of the normally expected geometry for t h i s  molecule. The 
ch lor ine  atoms have become coplanar with the Sb(2) atom, and
—y 6 —
the two pyridine ligands are ponded trans to each other.
One o f  the ch lorine  atoms nominally a sso c ia ted  with Sb(2) 
i s  involved as the bridging atom in  the (Sb(l)C l^ ) chain.
The d istan ce  ^Sb*(2)-^Cl®( 6) (bridging) i s  3,003 X 0.033 X, 
and the complex i s  thus tending to  the io n ic  s i tu a t io n  (SbCl^ 
py )^*  ^ SbCl^ .
Another approach, considering 3.00 X as a p o ss ib le  
Sb-Cl covalent d is ta n ce , invokes a three-coord inate  ch lorine  
atom. This i s  more f u l ly  d iscussed  in  chapter Vllf •
3The angles S b (l)  -  bridging 01- Sb®(2) and S b (l)  -  
bridging C l-^Sb(l)  are 106.7 1 1 .3°  and 95.2 Z  1 ,3 °  r e sp e c t iv e ly
3 3 3The antimony nitrogen bonds 8b*(2) -  N ' ( l )  and 8b®(2) -
^N’ ( 2) are 2 ,27 t O.lO X and 2,49 t 0 .09  X r e sp e c t iv e ly ,  and 
the angle ^ N ' ( l )  -  ^8b'(2) -  \ * ( 2 )  i s  170 t  3°. 8b(2) i s
thus octahedrally  coordinated and has an equator ia l lone pair  
of e le c tr o n s .  The n i trogen-antimony bonds are approximately 
perpendicular to  the plane o f  the Sb(2) and ch lor in e  atoms.
The a -pyr id ine  m olecules (F ig . 7 g ives  the numbering of  
atoms and r in g s)  are stacked in  columns with p lane-to -p lane  
separation of 3,75 X, The (5-pyridine m olecules are a lso  
stacked in  columns, but the r ings are not as c lo s e ly  superposed
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(viewed down the c a x is )  as in  the case of the a -pyrid ine  
r in g s .  (F ig , 8 ) .  The p- and -pyrid ine  m olecules are  
s itu a te d  near zero and a h a lf  in  the ®a® d ir e c t io n ,  so that  
together they form la yers  o f  the organic component ly in g  
perpendicular to  the  ‘a* a x is .  The planes of the p- and
V -pyrid ine  m olecules are approximately mutually perpendicular, 
The Y -pyrid ine  molecule i s  3,21 t  0 .26 X away from the  
nearest ch lorine  atom (^C l*(5)) and 2 ,99 t  0 ,24  X away from 
the nearest carbon atom' o f  another molecule (p-pyridine  
m olecu le). This rather low interm olecular C-C d istan ce  i s  
t o  be given sm all s ig n if ic a n c e  because o f  the d i f f i c u l t i e s  
involved in  d efin in g  p r e c is e ly  the unbonded pyridine m olecule.  
These were d iscussed  e a r l ie r  in  the chapter.
The la y ers  o f  pyridine together with the columns of  
pyridine t o t a l l y  surround the chains of (SbCl^) u n its  as 
w ell as the (SbClgPyg) u n i t s .  These chains l i e  in  "channels 
of the organic component running p a r a l le l  to  the c -a x is .
Through coordinated pyridine molecules they are bound to the  
w a lls  of th ese  channels.
The problem o f refinement of the fr e e  pyridine molecule  
i s  b e lieved  to  be due to the large  thermal motions of the r in g .
The molecule occupies a large  hole  in  the l a t t i c e  and i s  
more free  to move than are the bonded m olecules. While 
there i s  no unambiguous evidence for ro ta t io n  about an a x is  
perpendicular to  the plane o f  the m olecule, the fa i lu r e  of  
the r ing parameters to  r e f in e ,  and the very high temperature 
fa c to rs  (o f  the order of 10 .0  compared with 5 ,0  on average 
for  the bonded r in g s ) ,  point to  very large  thermal v ib ra t io n s .  
I t  has thus been necessary to define  the r ing in  terms of  
the  lo ca t io n  o f  i t s  cen tre .
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TABLE 10(a)
Fractional Coordinates & Iso tro p ic  Temperature Factors ( e . s .d .  in  brackets)
(fo r  numbering see F ig , ' ] )
X y 2 B
S b (l) 0 .2122(4) 0 .1539(8) -0 .0117(22) 4 ,85 (19)
Sb(2) 0 .8466(4) 0 ,1208(8) 0.0250(22) 6 ,03 (26)
C l ( l ) 0 .1410(15) 0.0521(33) 0.0416(70) 7 .3 (1 .2 )
Cl(2) 0 .1706(19) 0,2612(40) 0,2175(71) 7 .2 ( 1 ,4 )
Cl(3) 0 .1902(19) 0.2784(40) -0 .2503(76) 7 .8 (1 ,4 )
C l(4) 0 .8905(17) 0.1945(34) 0.2352(66) 6 ,0 (1 ,2 )
C l(5 ) 0 .8890(23) 0.2214(47) -0 .2292(80) 1 0 .7 (1 .9 )
Cl<6) 0 .7646(10) 0 .0054(22) 0 .2367(51) 2 ,2 ( 0 .8 )
N (l) 0 .795(5 ) 0 .2 73 (6 ) .0 .019(11) 8 .4 ( 3 ,3 )
C (l) 0 .74 4 (4 ) 0 .26 4 (6 ) 0 .034 (9 ) 2 ,6 ( 3 .0 )
C(2) 0 ,7 10 (3 ) 0 .354 (7 ) 0 .038(11) 0 .2 ( 2 .2 )
C(3) 0 .7 3 1 (4 ) 0 .4 6 2 (6 ) 0 ,026(10 ) 1 .8 ( 2 .9 )
C(4) 0 .7 8 4 (4 ) 0 .474 (7 ) "0.011(11) 8 .1 ( 3 .3 )
C(5) 0 .8 13 (3 ) 0 .3 7 7 (7 ) 0 ,008(10) 3 .1 (2 ,6 )
N(2) 0 .9 14 (3 ) -0 .0 2 5 (6 ) 0 ,008(10 ) 3 .7 ( 2 .5 )
C<6) 0 .910 (3 ) -0 .1 2 9 (6 ) 0 .074(10) 6 .4 ( 3 .1 )
C(7) 0 .9 5 0 (3 ) -0 .2 0 6 (5 ) - 0 .0 8 1 (9 ) 9 .0 ( 3 ,6 )
C(8) 0 .9 9 8 (3 ) -0 .1 7 3 (6 ) 0 ,016(11) 4 .9 ( 2 .9 )
CO) ■ 0 .0 03 (3 ) -0 .0 6 4 (6 ) -0 .0 5 3 (9 ) 2 .2 ( 3 .0 )
0(10) 0 ,961 (3 ) 0 .0 0 5 (6 ) -0 .05 3 (10 ) 1 .0 ( 2 ,8 )
0(11) 0 .0 59 (5 ) 0 .348(10) 0 ,057(22) 8 ,5 (  5. Ç) )
0 (12) 0 .0 53 (4 ) 0 .373(10) ”0 ,121(21) 13^0&8.6)
0(13) 0 .0 6 4 (4 ) 0 .478(12) -0 .184 (1 8 ) 5 ,2 (5 ,0 ) )
0(14) 0 .082(5 ) 0 .559(10) -0 .0 68 (22 )  .. 10,8(7v%)
0(15) 0 .088 (4 ) 0 .534(10 ) 0 ,110(20) 8 ,7 (6 ,6 )
0(16) 0,076 (5) 0 .429(13) 0 .172(20 ) 4 .7 ( 4 ,5 )
.80'
TABLE 10(b)
O rientational Angles and Centres of Pyridine Rings.
(Angles in  degrees, coordinates fr a c t io n a l ,  e . s . d .  in  brackets)
o!-Pyridine p-Pyridine Y -Pyridine
0 1 2 ,1 (2 ,0 )
0 -8 4 .9 (2 .5 )




- 3 .0 (2 .0 )  
-6 5 ,2 (2 ,5 )  
5 3 ,9 (2 .4 )  
0.9561(20)  
-0 .0988(42)  
0.0123(72)
- 8 0 .2 (5 .2 )  
1 0 ,0 (3 .6 )  
- 1 7 .3 ( 3 .5 )  - 
0.0701(20)  
0 .4534(61)  
-0 .0057(152)
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TABLB 11
Bond Distances & Angles 
( e . s . d ,  in  brackets, l e a s t  s ig n if ic a n t  d ig i t s )
a) Intramolecular Bond Distances & Angles
S b ( l ) -C K l) 2 .258(40) X
S b ( l) -C l(2 ) 2 .405(61) X
S b ( l) -C l(3 ) 2 .397(55) X
Sb(l)-^C1^(6) 2 .748(33) X
Sb(l)~^Cl^(6) 2 .990(33) X
^Sb^(2)-^C1^(4) 2 .141(49) X
3 8 b l (2 ) - 3 c i l ( 5 ) 2 .513(68) X
3 s b l ( 2 ) - 3 c i l ( G ) 3.003(33) X
3sb^(2)-3]^ l(l) 2.270(103)X
3sb^(2)-^N^(2) 2 .487(92) X
V ( l ) - V ( l ) 1 . 340(220)X
V ( l ) - V ( 2 ) 1 . 390(220 )X
^ C ^ ( 2 ) - V ( 3 ) 1.400(220)X
V ( 2 ) - V ( 6 ) 1.340(210)X
^C^(6)-^C^(7) 1 .390(210 )X
^ C ^ ( 7 ) - V ( 8 ) 1.400(210)X
V ( i i ) : ^ c ^ ( i 2 ) 1 . 377(330 )X
C l( l ) -S b ( l )~ C l(2 ) 7 7 .7 (1 .7 ) °
C l(2 ) -S b ( l) -C l(3 ) 9 5 .6 (1 .7 ) °
C l ( l ) -S b ( l ) - C l ( 3 ) 1 0 5 .5 (1 .8 )°
C l(l)-S b (l)-^ C 1^ (6 ) 8 5 .7 (1 .7 ) °
C l(2)-Sb(l)-^C 1^(6) 9 5 .7 (1 .9 )°
C l(3 )-Sb(l)-^C 1^(6) 1 6 5 .6 (1 .8 )°
^Cl^(6)-Sb(l)-^C1^(6) 8 3 ,6 ( 1 .5 ) °
^Cl^(4)-^Sb^(2)-^Cl^(5) 9 7 ,3 (1 .9 )0
^C l(5)-^Sb^(2)-^C l^(6) 1 5 9 .4 (1 .7 )°
^C l^(4)-^Sb^(2)-^C l\6) 1 0 0 .4 (1 .5 ) °
Id ea lised  
Ring Parameters
•82-
Sb('i)A l'' (6 )~ -W  (2)
S b (D - Cl^(6)-^Sb (1)
121 .6 (1 ,3 ) °
Sb(l)-^C1^(6)-
V (l) -^ S b ^ (2 ! ( -
\ ^ ( l ) - ^ S b ^ ( 2 ) -
V ( l) -® S b ^ (2 ) -
& ^ ( l ) - ^ 8 b ^ ( 2 ) '
V ( 2 ) - ^ S b ^ ( 2 ) -
V ( 2 ) - ^ S b ^ ( 2 ) -
V ( 2 ) - ^ S b ^ ( 2 ) -
^ S b ^ ( 2 ) - V ( D -
^ S b ^ ( 2 ) - V ( D -
^ S b ^ ( 2 ) - V ( 2 ) -

























V ( 5 ) - V ( l ) - V ( l )
V ( i ) - V ( i ) - V ( 2 )
V (1 ) -^ C ^ (2 ) -^ C ^ (3 )
V ( 2 ) - ^ C ^ ( 3 ) - V ( 4 )
V ( 1 0 ) - V ( 2 ) - V ( 6 )
V ( 2 ) - V ( G ) - V ( 7 )
V ( 6 ) - V ( 7 ) - V ( 8 )
V ( 7 ) - V ( 8 ) - V ( 9 )
1 1 6 .7 (1 4 .0 )
1 2 4 .0 (1 4 .0 ) ‘
118 .6 (14 .0 )'
118 .1 (14 ,0 )'
116.7(13.0)'




b) Intermolecular Bond D istances l e s s  than 3 ,4  X
V ( 1 2 ) - V ( 7 )
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P ig . 7 -  Numbering o f Atoms in  th e  Asymmetric U n it ■
and Arrangem ent o f (SbCl^) Chain in  th e  S t r u c tu r e .
(Legend f o r  Numbering;
(a )  p r e - s u p e r s c r ip t  in d ic a te s  sym m etry -re la ted  atom: 
x ,y ,x ;  + z ; J  + x , - y ,z ;  -X, -y ,  i  + z;
(b ) dashed s u p e r s c r ip t  fo llo w in g  atom symbol in d ic a te s  c e ll-  
s h i f t e d  atom;
(c )  number in  b ra c k e ts  fo llo w in g  atom symbol i s  atom 




F ig . 8 -  28bC1^.3ü^H^N, hkO P r o je c t io n *'
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CHAPTER V I,
The Complex ShCl^oC^H^No—  ------------------------ :---------------  3 —5 5 —
D eterm ination  of. C e ll Dimensions and Space Group,
A 15^ o s c i l l a t i o n  photograph about th e  a a x is  tak e n  a t  room 
tem p era tu re  u s in g  MoKq, r a d ia t io n  showed no symmetry above and 
below th e  z e ro - la y e r  l i n e .  A zero  la y e r  V /eissenberg photograi^h 
(O kl) about a showed syrmnetry a c ro ss  bo th  a x e s , A f i r s t  lo y e r  
W eissenberg photograph ( l k l )  about a showed symmetry ac ro ss  only  
one (o ) a x is .  The symmetry of th e  W eissenberg and o s c i l l a t i o n  
photographs in d ic a te d  th a t  th e  c r y s t a l  belonged to  th e  m onoclinic 
system .
The sy s te m a tic  absences were as fo llo w s : 
h k l : no c o n d itio n s^  in d ic a t in g  a p r im itiv e  c e l l ;  
hOl : when 1 = 2n 1  ^ in d ic a t in g  a c g lid e  p lan e  p e rp e n d ic u la r  
to  b ;
OkO : when k = 2n 1  ^ in d ic a t in g  a 2  ^ screw a x is  p a r a l l e l  
w ith  th e  b a x is .
The space group i s  th u s  F2^/c®
Room tem p era tu re  c e l l  dim ensions were measured from  f ilm s  
tak en  w ith  MoK^^^  r a d i a t i o n ,  'Ç  ^ •was me a, su r ed from  a 13^ o s c i l l a t i o n  
photograph about th e  b a x is  and ^  ^ and ^  were measured
from a 1bO^ zero  l e v e l  W eissenberg photograph about th e  b a x is .
Low tem p era tu re  c e l l  dim ensions (a t  -110*^C)were measured from  
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Dpiotogr:ip]i about th e  a  a x is .  P  was computed by means of an
85an g u la r la g  method  ^ th e  re le v a n t  measurements f o r  which were 
made from  a f i r s t  l e v e l  W eissenberg photograph about th e  a a x is .  
iU l measurements from f i lm s  were made w ith  a f i lm  m easuring de'vice 
in c o rp o ra tin g  a s l id in g  v e rn ie r  m illim e tre  s c a le .  Room tem pera tu re  
and low tem p era tu re  c e l l  dim ensions a re  summarised in  Tables 1 2 (a ) ,  
1 2 (b ).
I n te r o r e ta t io n  of th e  P a tte rso n  V ector
The fo llo w in g  th re e  d im ensional d a ta , taken u s in g  z ircon ium - 
f i l t e r e d  MoI(<^  r a d ia t io n .  Was c o l le c te d  : a t  room te m p e ra tu re , Weiss­
enberg le v e ls  ( h u l ) to  (h81} about b and c r o s s - le v e l  ( 2 k l ) about 
a ; and a t  low te m p e ra tu re , le v e ls  (hkOj to  (hk^) about c and 
c ro s s - le v e ls  (O klj and (1 k l)  about a . In  a l l  c a se s  a tw o -film  
pack was used  to  re c o rd  th e  d a ta  ( I l f o r d  I n d u s t r ia l  G- and B f i lm s ) .
The i n t e n s i t i e s  were e s tim a te d  by means of a c a l ib r a te d  
in te n s i ty  wedge. The e s tim a te d  i n t e n s i t i e s  were c o r re c te d  f o r  
Lorentz and p o la r i s a t io n  e f f e c t s ,  bu t no a b so rp tio n  c o r re c t io n s  
were a p p lie d . The c o r re c te d  i n t e n s i t i e s  were put on a r e l a t i v e  
a r b i t r a r y  s c a le  w ith  re fe re n c e  to  c r o s s - le v e l s .  For see  AppendixIV.
A P a tte rso n  p ro je c t io n  down th e  a axis was computed u s in g  
low tem p era tu re  (O klj d a ta ,  and th e  b e s t i n te r p r e ta t io n  oi t h i s  
map was in  term s of tw o  independent antimony atom s. This 
in te r p r e ta t io n  was sup po rted  by a f u r th e r  P a tte rso n  p ro je c tio n  
down b , u s in g  (h o l)  room tem p era tu re  d a ta .
A th re e  d im ensional P a tte rso n  map computed u s in g  room
—90-'
tem p era tu re  b a x is  d a ta  ( hOl -  hBl ) was b e s t in te r p r e te d  in  
term s of two independent antim ony atom s, and th e  c o o rd in a te s  o f 
th e s e  were in  agreem ent w ith  th o se  o b ta in ed  from  th e  two 
p r o je c t io n s .  The f r a c t i o n a l  co o rd in a te s  of th e  antipnoiy atoms 
were x: O.1 4 4 0 , y  : Ü.0362, z : 0.2'i43j and 0*4475g Ü.1 OO1 , U.4-571
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CHAPjJHm V I I .
The S tru c tu re  of th e  Complex 2SbCl., oC^H_N. ------------------------------------------------------p— b—
D eterm ination  of C e ll Dimensions and Space Group>
A 15^ o s c i l l a ’c ion  phàtograph about tn e  b a x is  was taken  a t  
room tem p era tu re  u s in g  s i r c o n iu m - f i l te r e d  MoK^ x r a d i a t i o n ,  and 
i t  was found to  have no symmetry above and below th e  z e ro - la y e r  
l i n e .  A 180^ zero  la y e r  W eissenberg photograph (MoKoc ) showed 
symmetry above and below th e  l in e  0 = 0^ , but no symmetry a c ro ss  
any p o s s ib le  a x e s . The combined symmetry of th e  o s c i l l a t i o n  and 
W eissenberg photographs in d ic a te d  th a t  th e  c r y s t a l  belonged to  
'che t r i c l i n i c  system . This was confirm ed by th e  n a tu re  of th e  
f i r s t  la y e r  W eissenberg photograph which showed no symmetry 
a c ro ss  th e  a x es . There were no sy stem atic  ab sen ces , and th e  
space group was th e r e f o re  e i th e r  Pi o r FI ^ the  l a t t e r  be ing  adopted, 
The c e l l  dim ensions were a l l  determ ined from  room tem p era tu re  
MoKcx d a ta .  was m easured from  & 15° o s c i l l a t i o n  photograph
about th e  b a x is .  % ^ and were m easured from  a zero
le v e l  hOl W eissenberg pho tograph , cC and 0 were o b ta in ed  by
85a g ra p h ic a l an g u la r la g  method d e sc rib e d  by liulme , measurements 
b e in g  made from  a f i r s t  l e v e l  (h 1 lj  Y /eissenberg photograph 
about b . A l l  measuz'ernents from  f i lm s  were made by means of a 
f i lm  m easuring dev ice  in c o rp o ra tin g  a s l id in g  m ill im e tre  s c a le .

















CO CO m t> CD lOrH I—I I—1CO CO CO
V;  ^ V'^  Vti' V'S' Ni'
CO 00 CDt-H rH r—i00 CD ID CDI—100 CO00 rH [— s
CO CD CO CO t>CD OrH <N
O  CO CD rH
^  CD CO CD Ok  ^ O O C;- 00 00 CD t> estTji C^ D C-
iH  (NJ (N  CO
CO 00 CD CD“ I—1 rH rH rH
lO tolO to to
CD I> CDO  CD Oto 00 C3rH 03 CO
f l  4-1 t o00 CO OCD O  »
-P COCO
CD 00 rH rH
rH (H rH rH
to to rH rH
CDto
to  CO I> 00rH CO t o





KÛ \ o# n Ôo , , .  T “\ o
«K
> c .













' * " 











■O oo ■ OD o#  - '-’ è  "O o4* +4
S  : ■’ 8 :m 3o o• # 'o ' ' O
« n
S  §  §  8  . N . _  W N• • # * # « *■0 - 0  0 . 0  O  O  ' o
IS 53 53 5S 53 5^  53
GS fS a t I& 31 *>i
s  s  s  s  # . # # •o  0  0 . 0






■ ♦  I
o o OV ■- 4 * ,• # '1 IM 3# « $U 3 l O l Ar 4 *4
tl II «)9R•\ D \ o %DM - V " V *V" 'if*








oO  CM o  o  of  I T *  ^  i | *
O O "Oo
O
o  o  oT -  4 ;  * A ?  8  Vi # e  #
\ip* ;CM Hr" v *  CM ^  CM
v ^ v ' C M C M O ^ C M ' f *
w- icM ÎCW {,* V ir V» V' ' T^" jK* O t-- ’
ftfm Hr  O
CM CM CM
o  o  o  oir- T*. «  # * . #o  c  o o
8  8  S  8
(n R  }R R
I V  I CM V* O^  f  V» 4ir(CM  j C M . f C M  | * f \  
% - CD ^"V* V V» V*( CM \ CM O  (CM
"94
dimensions are summarised in  Table IS,
Determination of the Structure,
Only a l im ited  amount of data was c o l le c te d  because 
of the very hygroscopic nature of the m ater ia l,  in  consequence 
of which only two su ita b le  s in g le  c r y s ta ls  were obtained, 180° 
Weissenberg photographs were taken at room temperature about 
the b a x is  (h01-h21) using z irco n iu m -filtered  MoKo: rad ia tion ,
A tw o-film  pack ( I I - fo r d  Industr ia l G and B) was used to 
record the i n t e n s i t i e s .  The i n t e n s i t i e s  were estimated by 
using a ca lib ra ted  in te n s i ty  wedge, Lorentz and p o la r isa t io n  
correction s were app lied , but no absorption co rrec t ion s . No 
c ro ss - la y e r  data was a v a ila b le  for  layer  s c a l in g ,  and an 
arbitrary  r e la t iv e  sc a le  based on layer  exposure times was 
c a lcu la ted .
The c e l l  volume (762 together with the density  (2 ,34 )  
gave a c e l l  weight o f  1073, This corresponded to  two u n its  
of 2SbCl^.C^H^N per u n it  c e l l .
A Patterson projection  down b was best  in terp reted  in  
terms o f  two independent antimony atoms in  the asymmetric u n it ,  
in  agreement with the c e l l  content found above.
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An e lectro n  d en sity  p ro jection  (hOl) about b, phased on 
the two antimony atoms a lon e , revealed some o f the ch lorin e  
p o s itio n s  and the pyrid ine m olecule, but a l l  s ix  ch lorin es  
were not revealed  unambiguously, subsequent refinem ent showing 
them to  be apparently erroneous.
A three dim ensional Patterson map (computed using hOl 
to  h21 MoKa data) gave x , y and z coord inates for the two 
antimony atoms, and th ese  were in  agreement (fo r  x and z)  
with those obtained from the hOl p ro jec tio n . A three  
dim ensional e lectro n  d en sity  map, phased on the two antimony 
atoms a lon e , revealed  si): p o ss ib le  ch lorin e  p o s it io n s  and a lso  
the pyrid ine m olecule. The R~factor w ith a l l  the atomic 
parameters included in  the c a lcu la tio n  of stru ctu re  fa c to r s '  
was 24,5%.
Refinement o f the Structure
Attempts to r e f in e  the coordinates (x , z ) using hOl data
by the conventional le a s t  squares method was beset by the  
noneproblem that o f the ch lorin e  p o s it io n s  were #@4 known with  
c e r ta in ty . In order to  overcome the problem o f grossly  
erroneous p o s it io n a l and thermal param eters, a d iffe r e n t  method
—9 6‘"
of refinem ent was attempted in  the i n i t i a l  s ta g e s . This method,
99described by Stanley and Blini^ia c o n s is ts  o f varying each
parameter in  turn by a sp e c if ie d  d istan ce  over a sp e c if ie d
area o f the u n it c e l l ,  and a fte r  each s h i f t  ca lc u la tin g
stru ctu re  fa c to r s  and the resid u a l R (= -^jAFj j  | | ) ,
The b est coordinate i s  taken as that which m inim ises the  
^ 2resid u a l if-"y Lof The advantage o f the Stanley method
over the le a s t  squares method i s  that a greater i n i t i a l  error  
i s  allowed in  the p o s itio n in g  of the atoms. The lea st-sq u a res  
method applied  to  a g ro ss ly  in correct se t  o f parameters w i l l  
r e f in e  to  a minimum value for  the r e s id u a l, R’ , which may be a 
fa ls e  minimum. By su ita b ly  choosing the value of the i n i t i a l  
parameter s h i f t ,  A  ^ the resid u a l R* may be allowed to  r e f in e  
to  th e  b est minimum w ith in  the range of th e  s h i f t s ,A  , chosen.
The Stanley method, applied  to  the hOl data gave an R -factor  
o f 18,7% a fte r  f iv e  rounds o f refinem ent. Applied to  the three  
dim ensional data (304 r e f le c t io n s )  f iv e  rounds of Stanley  
refinem ent gave an R -factor o f 18,5%, w ith the pyridine m olecule  
fr e e . The i n i t i a l  s h i f t  va lue, A , was 0 ,05  S w ith a l l  atoms 
included in  the refinem ent. This i s  reduced to  a h a lf  o f i t s  
s ta r t in g  value on each su ccess iv e  round o f refinem ent.
-97-
At th is  s ta g e , refinem ent was continued w ith a le a s t  squares 
method using the "PARIBLES" r ig id  body Programme described in  
Chapter IV. A fter f iv e  rounds w ith the pyrid ine m olecule f r e e ,  
the R -factor was 15,3%, Severe d is to r t io n  occurred in  the  
pyrid ine m olecule, and i t  was therefore  id e a lis e d  using the  
"Mean Plane" programme described in  Appendix VI. The R -factor  
for  stru ctu re  fa c to r s  ca lcu la ted  using a r ig id  pyridine  
m olecule was 18,6% a fte r  f iv e  rounds o f le a s t  squares refinem ent.
At th is  s ta g e , i t  was found that th ere was very poor 
agreement for very high value observed stru ctu re  fa c to r s . This 
was a ttr ib u ted  to  the fa c t  that th ese  p a r ticu la r  r e f le c t io n s  were 
too strong to  be estim ated by means of the a v a ila b le  in te n s ity  
wedge, i , e ,  they lay  w e ll beyond the h igh est value measurable 
and were given a value of the order o f 1 ,5  tim es the maximuip for  
the p a rticu la r  wedge. These in t e n s i t i e s ,  a to ta l  of 18, were 
elim inated  from the refinem ent p rocess. Another fea tu re  of the  
refinem ent a t t h is  stage  was the fa ilu r e  of the carbon atom 
temperature fa c to r s  to  r e f in e  to  a f ix ed  va lu e . F ive of the s ix  
ring atoms showed la rg e  s h i f t s  ( in c re a se s) for  B'. ♦ This was 
in terp reted  in  terms o f large  v ib ration s o f the r in g , and the  
one atom which had a much lower thermal parameter was thought to
- 98-
b# th# nitrogen atom»
The le a s t  squares refinement was continued with the above 
m odifications ( i . e .  elim ination of high value in te n s it ie s  and 
in clu sion  of the nitrogen atom), and a fter  f iv e  rounds (with the  
ring r ig id )  the R-f actor dropped to  lé#2Jé»
The B-faotor a fter  a further three rounds with the pyridine 
molecule free  was 15 #5%
Using the f in a l  coordinates (with the ring  id ea l and r ig id )  
and including the elim inated high value re fle c t io n s  in  t h e  
computation of structure fa c to r s , the H-faotor Was 20^
A break-down of the R-factor (r ig id  r in g , h i ^  veIuo F*s 
elim inated) over sin e 0 and ranges i s  giben below# For 
Fg, see Appendix V* Ooordinates are given in  Table 14, and 
bond lengths ahd angles in  Table 15*
Bine Ranges 0.192 0.2?2 0.333 0.385 0.430
E Factors 19*33 13*46 14*11 18*96 23*87
No. of Ref In s. 88 104 61 35 6
Fobs Ranges 150 30Ô 450
H Factors 32.22 19,2? 13.36 13.59 15-90
Ro. of Ref In s. 19 137 105 30 1
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D escrip tion  o f the Structure
The stru ctu re  o f the 2:1 complex c o n s is ts  e s s e n t ia l ly  of 
a lte r n a te  la y ers of pyrid ine m olecules and "Sb^Cl^^" tetram ers.
There i s  no bonding between the pyrid ine m olecules and the  
antimony atoms, the c lo s e s t  interm qlecular approach between 
pyrid ine and the tetram ers being a d istan ce  o f  3 ,3 î X between 
^C (l) and ^C l*(5). These general fea tu res are evident in  the  
p ro jectio n  down the b a x is  shown in  Fig 9. F ig 10 shows the  
numbering scheme and the d e ta ile d  stru ctu re  o f  the "Sb^Cl^^'* 
tetram er.
4 sb ( l)  has two short and one long Sb-Cl d istan ce  a sso c ia ted  
with i t ,  2 .3 6 (9 )  X, 2 ,3 7 (8 ) S , and 2,G&(8) S . The la t t e r  
ch lo r in e  atom, ^C l(3), i s  involved in  an asymmetric halogen
p  2, *bridge between '^Sb(l) and Sb (2), the d ista n ce  8b(2)-^ C l(3) 
being 3,44^^^ &= A fu rther halogen bridge, through ^C l(4), 
between ^ 8 b (l) and ^Sb(2) has a Isb (l)-^ C 1 (4) d istan ce  o f 2 .9 6 (7 ) S, 
and a ^Sb(2)~^Cl(4) d ista n ce  of 3 .2 0 (7 ) 1 sb ( l)  i s  a lso  lin k ed , 
through 4 c i* (4 )  to  ^Sb*(2), w ith a d istan ce  ^ 8 b (l)-^ C l'(4 ) o f  
2 ,* 7  (7 )
^8b*(2) has a sso c ia ted  w ith i t  two short Sb-Cl d is ta n ce s ,  
2 ,M (9 )  S and 2 .3 |( 8 )  S , and one ex cep tio n a lly  long one, 1 sb * (2 )-  
'*01^(4) o f 3 .2 0 (7 ) ' 0^1* (4) i s  however involved  in  a Sb-Cl-Sb
100"
bridge between ^ 8 b (l)  and ^Sb’ ( l )  with Sb-Cl d istan ces o f  
2 ,$ 7 (7 ) S r e sp e c t iv e ly .
The three Cl-Sb-Cl angles a sso c ia ted  w ith ^Sb(l) are 
9 3 . 0 ( 3 . 5 ) ° ,  9 7 . 0 ( 3 , 5 ) ° ,  and 9 U 2 X 3 » 4 ) ° ,  and w ith  * 8 b ' ( 2 ) ,  
7 6 .0 ( 3 ,5 ) ° ,  4 3 .1 ( 3 .5 ) ° ,  and 87,7(3.2*:)°.
^Cl^(4) i s  a bridging atom which approaches c lo s e ly  
(3 ,2 0  %.) to  a th ird  ( '8 b ' (2 ))  antimony atom. In th is
environment, i t  may be compared with the "three coordinate"  
ch lorin e  atom in  the 2SbCl^^pyridine complex (Chapter V),
The coord ination  about 1‘S b (l) i s  octah ed ral, w ith  
ch lorin e  atoms occupying the su b -set square p lanar, ■‘2sb®(2) 
has a tr ig o n a l bipyramidal coordination w ith an equ atoria l 
Ion e-p a ir .
The c lo s e s t  approach between tetram eric  u n its  i s  a d istan ce  
o f 3 ,3 |( 8 )  X between ^C l(2) and ^8b(2),
The tetram er "8b^Cl^^", in  terms of the various Sb-Cl
.-j— -d is ta n c e s , i s  tending to  the extreme (2SbCl2 )(Sb^Clg ) ,
'"i Oi
Regarding the stru ctu re  as io n ic  favours the short Sh -  0 1  
bonds ( Z.33& and 2 o ) l i ) in  the SbCl,^”' u n it s ,
.a ltern a tiv e ly  the vfhole antim ony/chlorine system may be 
regarded as an in f in i t e  ch a in , extending along the c ax is  
d ir e c t io n , Vfith the "tetram eric un its"  lin k ed  through 
0^ 1 (2 ) in  ^Sb(l )  -  *0 1 ( 2 ) -  *Sb(2) bridges with Sb-Cl d istan ces  
of 2 ,ÿ fâ  and 3 «34^* This i s  i l lu s t r a t e d  in  Fig. 9*
The c lo se  C -  Cl contact o f  3*3l2. between ^C(l) and ^Cl( l )  




(&) gractlonal Oooràinat»» fu r th t  GoWlmx 28Wl^.CgH^g. 
(•*s*d# In braokâtsi see 10 fo r  numbering eoheme* )
Sb(1) 0.3771(18) 0,0435(29) 0.1539(16) 3.10(44)
Sb(2) 0.5717(18) 0.2734(30) 0.7656(17) 3.07(44)
01(1) 0.1467(74) -0 .(^ P (1 1 7 ) 0 . 1522(70) 5,#((1 .6)
Cl (2) 0.4285(71) 0.1103(118) 0.4230(67) 4 .9 (1 .4 )
CX(3) 0;5197(71) -0.2953(112) 0.0992(63) 4 .6 (1 .3 )
Cl(%) 0.5406(62) •0.0761(97) 0.8256(57) 2 .8 (1 .0 )
Cl (5) 0.5185(73) 0.3576(100) 0.0024(65) 4 .8 (1 .6 )
Cl (6 ) 0.1406(80) 0.0579(110) 0.6475(73) 6 .4 (1 .8 )
C (1) 0:196 0.513 0.294 1 0 .9 (4 .0 )
C (2) 0.259 ,0.671 0*326 13*5(4.0)
0 (3) 0.181 0.743 0.362 1 2 .4 (4 .1 )
C (4) -0.023 0.499 0.335 1 2 .3 (3 .9 )
0 (5) 0.055 0.427 0.299 1 1 .5 (4 .3 )
N (1) 0.040 0.656 0.567 8 .4 (3 .7 )
(b) i^jeid Binie Ooordinatee (orien tâtlonaX angle» and centre
(anglee in  degree»$ coordinates f fa o t io n ^ )
9 f t  y  >.
•66.7(0.9) •7 5 .2 (1 .1 )
y*




Bond ÙlstaiToeii and Angle».
(e#Sëd* in  braokttsj f w  numbering eoheme see Fig* 10)
■’s b ( i)  - ^01(1 ) 2 .3 6 (9 )1
' c i { 2 ) 2 .37 (8 )1  =
■’sb ( l)  - ’’c i (3 ) 2 .68(8)1
isbC i) • 2*87(7)1
^Sb(l) - ^01(4) 2 .96(7 )1
^St*(2) .• V ( 4 ) 3 .20(7 )1
■•sb'cs) •• ^C l'(3) 2 .31(8 )1
’’sb ’ (2) •• ■’e i ' ( 6 ) - 2 .33 (9 )1
^5b*(2) ," % '(3 ) 3 .44(8)1
^0 (1) J 'c (2 ) 1,3771 Id ta l
'*Sb(2) - ■*01(2) 3 .31(8 )1
(1) - *'oi‘ (5) 3.31 1
'’s b ( i )  - ■*01(2) 93.0(3.5)®
'’c i ( i )  h sb (- i)  -  '^c i(3 ) 97.0(3.5)®
^01(2) # ■*86(1) • ^Cl(3) 91.2(3.4)®
■'g i( i ) - ^Sb{1) - '’c i ' ( 4 )  94 .5 (3 .3 )*
% l(1 ) - ‘’s b ( i )  - ^Gl(4) 173.6(5.5)®
‘’c i ( 2 ) - % ( 1 )  - % 1(4) 83.0(3.3)®
^01(3) - '’s b ( l )  - , ■*Cl’ {4) 80.5(3.4)®
^ c i(3 )  - ' s b ( l )  r ^Cl(4) 78,1(3.4)®
e  ring  parameter*
Cl'(4) - S^b' (2 -  ■’ci
ci ' (4) - ^ Bb^ ■ ■ >■ ' (2 •  ""ci
ci:’(5) -  S^b (2 - ■’ci
oi'(5) -  % (2 -  *01
Çi',(6) -^Sb (2 - *01
Cl'(4) - ^sb (2 .*C1
Sb’(2) -^01 (4 » *Sb
Sb (2) - ’ci (4 • ■'sb


















120' Ideal ring parameter*
( Legend fo r  numbering (Fig* 10) I
(a) pre-auperecript indioatee eymmetry re la ted  p osition »#
T» *1 -y# -a*
(b) dashed superscript ihdioates s h if t  of c e l l ;
(o) number in  bracket# follow ing atom symbol i s
number of atom in  asymmetric u n it*)
•1 ü5‘
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CHAPTER V T I I .
DISCUSSION AND COMPARISON
D iscussion  o f the complex 2SbClg p~xylene
Tbe complex ^SbCl^.p-xylene i s  one o f a very large  group o f  
antimony tr ic h lo r id e  aromatic complexes (summarised in  Table 1 ) 
which has as a b a s ic  stru ctu ra l fea tu re  a la y e r - l ik e  l a t t i c e  w ith  
Van der Waals in te r a c t io n s  between the SbCl^ and aromatic m olecu les,
3The antimony tr ic h lo r id e  i s  sp hybrid ised . The c lo s e s t
Sb-Sb approach ( in  a n ’in c ip ie n t  dimer" con figu ra tio n , see p . 59 )
i s  4 ,24  X, and the c lo s e s t  Sb-carbon approach i s  X.
The r e la t iv e  o r ie n ta tio n  o f the in te r a c tin g  arom atic and
SbClg m olecules i s  i l lu s t r a t e d  in  F ig , 1 1 .  A vacant lobe o f the  
3SbClg sp o r b ita l i s  d irec ted  towards an aromatic tî- o r b ita l which 
i s  a c tin g  as an " in c ip ien t donor". There i s  a c lo se  s im ila r ity  
between the nature o f the bonding in  the complex 28bC lg.p-xylene' 
and that o f the bonding in  the complex 28bC l^,naphthalene,Fig, 
shows the bonding s itu a t io n  for  the la t t e r  complex for  the sake 
of comparison.
The complex 28bCl^,phenanthrene has recen tly  been in v e stig a ted  
89by N ard elli , ' 'and i t  a fford s an in te r e s t in g  comparison w ith the  
above mentioned complexes in  terms of the nature of the interraolecular  
in te r a c t io n s . The b a s ic  stru ctu ra l fea tu re  of a lte r n a te  layers of
—108"
the components i s  preserved. The antimony tr ic h lo r id e  m olecules 
are again found in  the " in c ip ien t dimer" o r ie n ta tio n . However, 
the c lo s e s t  d ista n ce  o f approach Sb-C i s  very much l e s s  (2^94 X) 
than an accepted Van der Waals d istan ce  o f  3 ,5  X, The Sb-Cl 
d ista n ces are sim ilar  to  those found for  the p -xylene complex 
(se e  p. 61 ) .  The short Sb-C d ista n ces are in terp reted  in
terms o f a greater  degree o f SbCl^-aromatic in te r a c t io n . The 
polyCydIi.c aromatic phenanthrene, has a lower io n isa t io n  p o te n tia l  
than sim pler arom atics such as benzene and p -xy len e, and 
consequently a c ts  as a b e tter  e lectro n  donor. The donor s ta te  
(o’* ) i s  more h igh ly  s ta b il is e d  for  phenanthrene than for  p -xylene  
because o f the more ex ten siv e  conjugation in  the p o ly c y c lic  m olecule
and the greater  d e lo c a lisa t io n  o f the charge (8  );
S“<‘
<-H>
Within the p-xylene/SbC l^ system i t s e l f ,  two complexes are 
knowi, the complex 2SbCl^.p-xylene which i s  being d iscu ssed , and
- 1 0 9 -
41the complex SbCl^ p*”'xylene, in v e stig a ted  by Szymanski . These 
complexes are s tr u c tu r a lly  very s im ila r , and both belong to  the  
space group P l | / c ,  The p -xylene m olecules are s itu a te d  in  the  
u n it c e l l  o f the 1:1 complex in  fou rfo ld  general p o s it io n s . To 
acconmiodate the ad d ition a l p-xyi*ene m olecu les, the z a x is  i s  longer  
in  the 1:1 u n it c e l l  by an amount corresponding to  the len gth  o f  
one p-xj^lene m olecule. The c e l l  dimensions o f  both complexes 
(a t  room tem perature) are given below for  comparian,
2SbCl p -xy lene SbCl p -xylene
a 9,18^' 0 ,U ? î 9 .45+  O.Olâ
b 8 .54±  0 .0 4 ^  8.63:^: 0.01&
13.06± 0 .13& 17.65:^  0 .02&c
p 127^ ± 1 5 '
F ig , 12  shows p ro jec tio n s down the b a x is  (hOl) fo r  both complexes 






























D iscussion  of the Complexes 2SbCl^. 3C^H_N and 28bCl_.C_H N —----------------------------------------------------- j -----5—0------------------ 3~—5—5—
The prominent fea tu re  o f the 2:3 complex, in  terms o f the  
bonding o f the pyrid ine m olecules, i s  the dual r o le  which th ese  
m olecules play in  the stru ctu re , i . e .  as a donor sp ec ie s  bound 
to  the antimony atom and as a fre e  "solvating" m olecule. Other 
examples o f t h is  type o f complex have been o u tlin ed  in  the  
"Introduction"^(see p, I 9 ).
Another fea tu re  worthy of note i s  the nature o f the halogen  
bridge. In the 2:3 complex th is  i s  an asymmetric bridge in vo lv in g  
th e  Sb atom which i s  not bound to  p yr id in e , and having 8b-Cl bond 
len g th s o f 2.7J'' & and 2.99. S and a 8b-Cl-8b angle o f 95,2^. 
However, the 8b atom bound to  pyrid ine i s  only 3 .00  X away from 
the bridging ch lor in e  atom. The coordination  about t h is  ch lorin e  
atom i s  th erefore  3 - fo ld ,
I f  we consider the sim ple 2 -fo ld  b ridge, c lo s e  comparison in  
terms o f bond len gth  and Sb-Cl-Sb angle can be made w ith the  
compound C^ H^NH' S^bCl  ^ (se e  Chapter I I I ) ,  This la t t e r  compound 
a lso  has a c h a in -lik e  anion with an asymmetric halogen bridge w ith  
Sb-Cl bond len gth s o f  2 ,64  X and 3,12 X and a Sb-Cl-Sb angle of
- 1 1 3 -
95,6*^, This i s  in  l in e  w ith the idea o f regarding the complex
2SbClg. Spyridine as e s s e n t ia l ly  io n ic  (or tending to  io n ic ) ,  in
terms o f such u n its  as (SbCl^py^^ 8bCl^ ) ,  py.
Viewing the ch lorin e  as th ree-coord in ate , we have for
comparison such examples as the Cadmium ch lorid e  stru ctu re  and the
m ercuric bromide stru c tu re . In the CdCl^ layer  l a t t i c e ,  each
ch lorin e  atom i s  2 ,74  X away from three cadmium atoms at the base
90of a tr ig o n a l pyramid . In HgBr  ^ the three relevan t HgBr bond
len gth s are 2 .48  X, 3.23 X and 3.23 X In the compound NH^HgCl ,^
we have a 01 coord ination  which i s  ten d in g  to  an io n ic  Cl sp e c ie s .
Here the Cl atom has four Hg nearest neighbours a t d is ta n ces  o f
2,96 X away and situated at the corners of a square of which
92the Cl atom i s  the cen tre . Certain fea tu res o f the complex 
28bC lg.3 pyrid ine a llow  us to  draw lim ited  comparisons w ith other  
m olecular complexes, in  the sense th at the a -p yrid in e  m olecules 
are stacked p la n e-to -p la n e  a f te r  the fash ion  o f " p o lar isa tion  
bonded" complexes, and the SbCl^ chains are surrounded by pyrid ine  
m olecules in  the form o f "channels" running down the c a x is  
( l ik e  the "channel" type complexes ou tlin ed  in  the "Introduction",) 
The complex 2SbC lg.pyridine shows two b a sic  fea tu res in  
common w ith the 2:3 complex. One o f th ese  fea tu res i s  the e x is ten ce
“■114 -
o f a pyrid ine m olecule in  a packing r o le  in  both the str u c tu r es .
The other common fea tu re  i s  the ex ten siv e  halogen bridging w ithin  
the SbClg system , in  the 2:3 complex lead ing to  an in f in i t e  chain, 
and in  the 2 ;1 to  a bridged tetram er, Sb^Cl^^,
Two fea tu res o f in te r e s t  remain : the geometry of the
"SbClg m olecules" and the Sb- pyrid ine bonding. These are
41 77 93d iscu ssed  w ith referen ce to  the SbCl^/p-xylene and SbC l^ /an iline '
system s.
Comparison of the Systems SbCl.^/pyridine, SbCl /^a n i l in e ,  and 
SbClg/p -x y le n e ,
A c lo se r  comparison can be made between the two n itrogen  
conta in ing  arom atics than between th ese  and the p -xylene system , 
because o f the e x is te n c e  o f lo n e -p a ir  in te r a c tio n s  in  the f i r s t  two 
system s.
In p a r tic u la r , referen ce  i s  made to  the compounds 2SbClg,3 pyridine, 
2SbCl^. p y r id in e , SbCl^,a n i l in e , and SbClg.2 a n il in e .
The Sb-N bond len gth s in  the 2:3 pyrid ine complex are 2,27
(10) X and 2 ,49  (9 ) X, w hile in  the 1;1 a n il in e  complex i t  i s  
2,53  (5) X and in  the 1:2  a n il in e  complex i t  i s  2 ,64  (5 ) X, The 
a n ilin e -S b  bond length.- i s  thus rather longer than one o f the p yrid in e-
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Sb bond le n g th s , but o f the same order o f magnitude as the o th er.
In genera l, pyrid ine i s  a stronger donor than a n il in e  because o f the  
p o s s ib i l i t y  o f i%-back bonding in vo lv in g  low-energy 3d o r b ita ls  o f  
the antimony atom and anti-bonding o r b ita ls  of the pyrid ine  
m olecule. This it contrib ution  would th erefore  be expected to  
lead  to  a sh orter bond for  p yrid in e . AH, o f the Sb-N bonds, 
however, are much lô'nger than the sum of the single-bond  covalent 
radii^^ of the two atoms Sb, N, which has a value of 2 .10  A, 
Lengthening o f the Sb-N bond beyond th is  value would be expected  
because o f such e f f e c t s  as an io n ic  contrib ution  and higher  
coordination about th e  antimony atom. An example for  comparison, 
where the n itrogen  donor atom i s  not part o f an aromatic m olecule,
i s  found in  the octahedral antimony complex SbCl^.S^N^ , which has95i i
a Sb-N bond len gth  o f 2 .17 X.
The a v a i la b i l i t y  o f the lone pair  for  donation a t the pyrid ine
nitrogen  appears to  be greater  than for  the a n il in e  n itrog en , in
terms o f  ca lcu la ted  e lec tro n  d e n s it ie s  at atomic s i t e s  w ith in  the  






A poin t o f con trast i s  the stereochem istry  o f the ligan d  
coord ination  in  the two ca ses . In the 2;3 pyrid ine complex we 
fin d  trans coord ination  o f the pyrid ine m olecu les, w h ile  in  the  
1:2 a n il in e  complex the coordination o f the aromatic i s  c i s . I t  
would be expected th at c is  bonding for  pyrid ine would be le s s  
favoured than for  the a n il in e  case because o f the greater  
stereochem ical hindrance o f the former. This greater  hindrance 
a r is e s  for  two reason s. F ir s t ly ,  the a n il in e  n itrogen  atom i s  
further from the aromatic r in g  than in  the pyrid ine ca se . Secondly
3the sp o r b ita l o f the group which i s  occupied by the lo n e-p a ir
i s  d irected  a t an angle to  the plane of the m olecule.
The antimony atoms in  the 2:3 pyrid ine complex both have 
octahedral coord in ation . For one antimony atom, ch lorin e  atoms
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occupy the su b -set square pyramidal. This compares w ith  the
s itu a tio n  in  the 1:2 a n il in e  complex where the cooiM ination for
antimony i s  s im ila r , two o f the p o s it io n s  being occupied by
nitrogen  in stead  o f ch lo r in e . The other antimony atom in  the 2:3
pyrid ine complex has trans bonded pyrid ine m olecu les. The
lo n e-p a ir  and ch lorin e  atoms are in  a plane perpendicular to the
N“Sb“N d ir e c t io n . In c o n tra st, the 1:1 a n il in e  complex has a
tr ig o n a l bipyramidal coordination  about antimony w ith an eq uatoria l
lo n e -p a ir . In the Sb^ . tetram er o f the 2:1 pyrid ine complex, one
antimony atom has an octahedral coordination w ith the lo n e-p a ir
occupying one o f the ap ices o f the d is to r ted  octahedron. The other
antimony atom has a tr ig o n a l bipyramidal arrangement o f ch lorin e
atoms, w ith an eq u atoria l lo n e -p a ir .
The promotion energy required to  in vo lve  d o r b ita ls  in
3 2Sb-N bonding ( i . e .  in  sp d h yb rid isa tion ) i s  o f f s e t  by the
energy gained from the form ation o f the Sb-N bond, and the ad d ition a l
l a t t i c e  energy due to  pyrid ine occurring in  the s o lid  s ta te ,
A further p oin t o f con trast between the two systems i s  the  
occurrence o f ex ten sive  halogen bridging in  both the 2:3 and 2;1 
pyrid ine complexes, a fea tu re  not observed with the a n ilin e  complexes. 
This e f f e c t  may a lso  be exp la in ed , for  th e  2:3 complex, in  terms o f
—11B"*
the much greater donor stren gth  of pyrid ine compared with a n il in e ,  
leading to a greater  lengthening (weakening) of Sb-Cl bonds, and 
hence to a tendency to  bridge, represented sch em atica lly  as ;
jsj     CL----------- “> ^ I*. ^  CL
a
Scruton^^ reports short N-Cl intram olecular d ista n ces (3 .26  &
and 2.25 X) and in term olecu lar d istan ces (3 .21  X) in  th e  1 ;1
a n ilin e  complex, and th is  s itu a tio n  i s  found in  the 2;3 pyrid ine
complex where a *'C-C1” d istan ce  of 3,21 X occu rs. This "carbon"
atom occurs in  the non-bonding pyrid ine m olecule and i t  i s  p o ss ib le
that i t  i s  in  fa c t  the n itrogen  atom. However, such N-Cl bonds
97have p rev iou sly  been in terp reted  in  terms of hydrogen bonding , 
whereas a pyrid ine N*-C1 bond cannot obviously  be due to such 
hydrogen bonding. Any p yrid ine N-Cl in te r a c tio n  would probably 
in v o lv e  a donor-acceptor nature w ith Cl d o r b ita ls  being u t i l i s e d  
to  accept e le c tr o n s . Such donor-acceptor in te r a c t io n s  would be 
weak and of the ch arge-tran sfer  type as in  pyrid ine/halogen  complexes
- 1 1 9 -
(se e  "Introduction", p. 23 ) .  However, short C-Cl d ista n ces are
98a lso  p o ss ib le  and are explained in  terms o f hydrogen bonding.
In the p-xylene/SbC lg system , the aromatic m olecule i s  ac tin g  
more as a so lv a tin g  m olecule than as a ligan d , such in te ra c tio n  as 
th ere  i s  being weak, and interm olecular d is ta n ces being of the order 
of a Van der Waals d is ta n ce , A featu re  in  common for  p -xy len e, 
a n il in e  and pyrid ine system s i s  that a la y e r - l ik e  nature can be 
discerned in  a l l  o f them. I t  i s  an obvious fea tu re  in the p -xylene  
system because o f the lack  of in term olecular bonding, but i t  
n ev erth e less  e x is t s  in  the la t t e r  two system s.
In con trast to  the p -xylene system , the a n ilin e  and pyrid ine  
system s have two p o s s ib le  fu n ction a l groups fo r  in te r a c tio n  with. 
SbClg: a lone pair  o f  e lec tro n s as w ell as the aromatic %-system.
The a n il in e  m olecule appears to  behave as a lig a n d , u t i l i s i n g  i t s  
lo n e -p a ir . The pyrid in e m olecule behaves l ik e  the a n il in e  m olecule  
in  that i t  forms lo n e-p a ir  bonds to  antimony, as in  the 2;3  
complex w ith p yrid in e , and l ik e  the p -xylene in  that i t  can act as 
a so lv a tin g  m olecule w ith  only Van der Waals in te r a c tio n , as in  
both the 2*1 and 2 ;3 pyrid in e complexes.
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9 3 1 6 C .9 - 1 7 0 . 5 i l  - 7 3 0 1 . 0 - 2 1 2 . 0 2 9 - 7 2 4 0 . 4 3 0 4 . 9 3 1 - 1 0 2 7 9 , 3 - 2 3 2 . 1
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k  i F , Fe k k F , F t h k  t F , Fc k k  i F* F t
9 1 1 9 5 . 4 - 1 9 0 . 6 4 1 - 3 4 4 6 . 0 3 6 8 . 2 5 9 - 5 2 6 4 . 2 - 2 5 2 . 5 , 6 4 - 4 4 2 7 . 4 - 4 1 2 . 2
7 2 3 9 0 . 6 - 4 2 6 . 7 4 2 — 8 1 1 2 . 5 8 6 . 5 5 11 - 5 1 3 2 . 1 - 1 5 4 . 0 t 6 - 4 9 3 . 5 - 8 9 . 0
U 2 2 1 0 . 1 2 2 1 . 8 4 3 — 8 4 5 5 . 7 4 3 1 . 2 5 1 - 6 6 7 . 6 - 4 2 . 0 ‘ 6 7 - 4 1 3 0 , 3 - 1 4 1 . 2
4 8 1 2 1 . 3 1 2 2 . 4 4 7 4 7 6 . 4 2 - 6 14 7 .5 “ 1 1 5 . 2 6 H - 4 2 4 7 . 1 2 4 6 . 1
4 10 174' .  6 2 0 6 . 3 4 11 - 3 1 9 2 . 4 2 0 9 . 2 5 3 - 6 5 1 6 . 2 —4 7 3 . 4 6 2 “ 5 3 6 0 .  7 4 1 4 . 1
5 y 2 7 2 . 3 - 3 0 1 . b 4 1 3 5 2 . 2 -3 -j  1.1 5 4 - 6 3 8 7 . 1 32 7.1 6 l  - 5 1 5 3 , 6 1 2 0 . 7
5 9 1 3 0 . 2 1 6 2 . 7 4 2 - 7 43 7. , ' 5 1 9 6 . 6 2 C 9 . 2 6 4 - 5 1 0 3 . 6 9 7 . 2
6 7 * 1 7 4 . 6 1 7 6 . 2 4 3 - 9 2 0 1 . 2 16 1.2 5 1 0 7 . 5 — 1 2 6 . 6 6 5 “ 5 3 2 0 . 5 - 2 6 4  .  2
7 8 1 3 6 . 1 1 6 1 . 1 4 4 - 9 1 6 2 .  6 1 3 7 . 6 5 13 - 6 1 2 2 . 9 - 1 6 9 . 3 6 6 - 5 2 9 0 . 5 - 2 5 4 . 1
8 7 1 3 6 . 1 1 7 5 .1 4 5 - 9 3 4 9 .2 2 6 1 ,  J 5 1 1 - 6 1 3 2 . 1 “ 1 a Z . y 6 S - 5 1 1 0 . 2 - 1 5 2 . 51 0 1 5 0 . 9 1 3 0 . 5 4 6 - 3 3 7 2 . 6 “ 34 3 .4 5 1 - 7 1 7 2 . 0 - 1 3 3 . 7 6 9 - 5 1 1 6 . 9 1 1 6 . 2
2 , 3 3 1 . 3 - 3 1 6 , 6 - 7 1 6 9 . 4 - 1 7 9 .  ! 5 2 - 7 7 0 6 , 7 - 7 7 2 . 8 6 1 - 6 1 7 C .3 1 4 3 . 6
î 3 6 6 .  J 3 1 1 . 5 4 2 - 1 3 2 3 7 . 1 -  16 7 . 5 4 - 7 2 5 2 . 0 - 2 1 0 . 0 6 2 - 6 8 3 . 5 - 6 9 . 4
5 5 0 . 4 5 9 4 .  1 4 4 -1  1 5 5 3 . 4 5 4 6 , 6 5 6 - 7 3 8 1 . 0 3 5 2 . 6 6 3 - 6 4 6 7 . 5 4 7 4 . 6
1 1 1 7 1 . 7 - 1 8 0 . 6 4 8 - 1 0 1 8 3 . 5 - 1 6 9 . 4 5 8 - 7 2 5 2 . 0 2 7 4 . 2 6 1 0 6 . 8 —»2 . 1
2 1 6 1 5 . 5 6 8 4 . 2 4 1 - 1 1 3 3 1 . 5 - 2  7 ( . 5 5 1 - a 4 4 5 .  5 —401 « 8 6 5 - 6 2 1 7 . 0 - 1 9 1 . u
3 1 1 1 5 . 5 7 1 . 1 4 3 -1 1 2 2 7 .  ) 1 7 9 . 6 5 3 - 8 4 2 7 . 2 - 4 1 2 . 3 6 7 —6 3 2 0 . 5 - 2 8 8 . 4
4 1 2 9 3 . 9 2 4 2 . 1 4 4 -11 1 7 4 . 6 -1  5 4 .  J 4 - 8 1 2 2 . 9 - 1 5 4 , 7 6 1 - 7 2 8 7 . 1 - 2 4 7 . 25 1 8 8 . 8 1 5 2 . 3 4 5 - 1 1 2 7 2 . 5 3 1 3 . 4 5 6 - a 2 2 1 . 2 - 2 1 2 . 8 6 2 - 7 4 4 7 . 4 4 2 2 . 7
l 2 3 3 4 . 4 3 6 5 . 6 4 9 -11 2 0 1 . 2 - 2  3 7.2 7 - a 4 2 7 . 2 3 7 8 . 7 6 3 - 7 1 7 6 . 9 1 4 7 . 9
2 2 1 3 3 .1 1 5 8 . 0 4 1 - 1 2 2 5 1 . 6 - 2 4 8 . 7 5 1C - 8 1 9 3 . 6 1 4 7 , 1  _ 6 5 - 7 1 9 0 . 3 2 3 2 .  1
3 2 4 2 3 . 2 4 0 6 . 2 4 2 - 1 2 IC U .6 8 1 . 3 5 I l  - a 2 0 5 . 9 — 1 6 3 .  (' 6 6 - 7 1 9 7 . 3 - 1 9 5 . 34 " 2 2 0 7 . 1 —1 4 6 . 3 4 3 -1 2 1 7 7 . 6 - 2 4 1 . 3 5 1 - 9 5 3 4 ,  7 4 8 2 . 7 6 7 - 7 1 4 6 , 9 - 1 7  ) . 6
6 2 1 0 0 . 6 - 9 2 .  V 4 4 - 1 2 1 7 - . 6 5 2 - ï 3 5 6 . 4 - 3 0 3 . 4 6 « - 7 1 5 7 .  -■ - 1 9 2 . 31 3 3 6 6 . 9 1 3 5 . 6 4 5 - 1 2 1 0 9 . 5 7 > . 6 ‘ 5 3 - 9 1 8 4 . 4 - 1 9 6 . 5 6 3 - 8 1 3 3 . 5
2 3 3 7 8 . H 432. (1 4 7-1 2 2 6 3 . 4 2 2 3 .  J 4 - 9 1 3 2 . 1 - 1 3 1 . 4 6 4 - 0 2 7 0 . 5 2 2 3 . 1
3 3 2 0 7 . 1 —2 2 6 . 4 4 0 - 1 2 1 2 7 . 2 “ 1 4 0 . 0 5 5 - 9 4 8 5 . 5 - 4 1 9 . 9 6 6 - a 2 1 7 . 0 2 4 2 . 9
5 3 2 8 7 . 5 - 2 4 1 . 5 4 2 - 1 3 2 5 4 . 5 - 2 9 5 . 7 6 - 7 2 3 0 . 4 Z C 9 .6 7 - 0 1 4 6 . 9 - 1 4 9 . 3
6 3 1 8 0 . 5 - 1 9 2 . 5 4 6 - 1 3 1 2 1 . 3 1 6 3 . 6 5 9 - 9 264-, 2 2 8 9 .  7 6 8 - 8 1 6 0 . 2 - 2 1 » . b
8 1 5 C .9 - 1 4 4 .  7 4 8 - 1 3 1 0 6 . 5 2 1 9 . 6 S 1 - 1 3 1 8 4 . 4 2 3 0 . 5 6 1C - 0 1 9 3 .  7 - 2 1 3 . 7
9 3 1 5 3 . 9 1 9 4 . 8 4 3 - 1 4 2 0 1 . 2 - 2 4 3 . 6 5 2 - 1 0 3 3 8 . 0 2 8 2 . 1 6 1 - 9 4 8 0 . 8 - 4 4 6 . 9
1 4 1 5 C .9 - 1 6  9 « 9 5 - 1 4 1 2 1 . 3 1 2 1 . 3 5 3 - 1 0 1 6 5 . 9 1 3 2 . 3 2 - 9 1 0 3 . 0 - 9 8 .  14 4 2 5 1 . 6 - 2 ü l . l 4 6 - 1 4 1 2 7 . 2 - 1 2 4 . 2 5 4 - 1 0 4 7 9 . 3 - 4 3 5 . 4 6 3 - 9 3 9 0 . 7 3 5 1 . 26 4 2 3 3 . 8 - 2 5 7 -1 4 1 3 3 . 1 1 5 7 . 6 ‘ 5 6 - 1 0 2 3 9 . 7 - 2 5 4 . 1 6 5 - 9 3 5 7 . 2 3 0 5 . 3
6 4 1 2 1 . 3 1 6 3 . 1 4 3 - 1 5 1 8 6 . 5 “ 1 3 8 . 2 5 8 - 1 0 1 1 6 . 8 1 3 6 . 0 6 9 - 9 1 7 3 . 7 - 2 3 0 . 7
10 4 1 3 6 . 1 2 0 1 . 7 4 -1 6 1 8 6 . 5 b 1 -11 2 8 2 .  7 2 5 3 . 0 6 2 - 1  ) 2 5 0 . 4 —2 - 4 , 41 5 2 2 4 . 9 -2 5 4 .4 4 3 - 1 7 1 3 6 . 1 - 1 1 2 . 1 5 2 - 1 1 3 6 5 . 7 2 9 4 . 2 6 3 - 1 0 3 2 7 . 2 — 2 6 l . 72 ÿ ■165. 7 - l 4 l . 8 6 5 4 . ) 6 2 5 .  J 3 - 1 1 1 1 9 . 9 - 7 3 . 4 4 -  1 ) 3 4 7 . 3 2 78 .
3 5 1 0 0 . 6 - 1 1 7 . 6 0 - 4 4 1 1 . 4 - 3 0 5 . 7 b 4 - 1 1 3 1 6 . 5 3 1 5 . 8 6 6— 1 ( 1 8 0 . 3 1 7 2 . 64 5 1 0 3 . 6 — 9 6 .  J 4 - ! '■ 4 0 5 . 3 - 4 5 7 . 1 5 5 -1 1 2 3 t .  7 - 2 3 7 . 5 7 -1 3 2 3 0 . 3 2 3 6 .  J6 b 1 1 2 . 5 7 6 . 3 5 9 5 1 3 5 . 2 — le* . 2 5 6 - 1 1 2 4 0 . 9 - 2  5 6 . 0 6 1 - 1 6 2 9 3 . Ü - 2 6 4 . 9
e 1 2 7 . 2 1 2 2 . 2 5 H 1 2 2 . 9 1 0 3 . 2 b 7 -1 1 1 8 4 . 4 - 1 9 0 . 6 l - l l 1 7 3 . 7 - 1 2 4 . 09 5 1 8 6 . 5 1 6 3 . 5 5 7 2 1 2 . Ü 2 5 3 . 9 5 9 - 1 1 1 2 9 . 0 1 6C.  0 6 2 - 1 1 4 3 0 . 7 - 3 9 2 . 0
l 6 1 7 4 . 6 - 1 6  7 . 9 5 6 1 1 5 3 .  7 1 8 1 . 4 5 1 -1 2 4 3 9 . 4 4 1 3 .  u 3-1 1 l a 7 • 0 1 3 7 . 23 t 3 0 4 . 8 — 34 6 . 4 9 1 1 7 2 .  J 2 3 6 . 4 ï> 2 - 1 2 1 3 5 . 2 - 7 7 . 9 4 - 1 1 3 0 3 . 5 - 2 2 1 . 3y 1 7 4 . 0 1 8 1 . 3 5 5 1 6 9 .1 - 1 9 7 . 3 3 - 1 2 4 0 5 . 6 4 1 1 , 6 6 6 -1 1 3 4 5 . 5 3 1 6 . 5; 1 7 4 . 6 1 8 3 . 5 5 6 1 4 7 . 5 - 1 4 6 , 5 5 7 - 1 2 2 7 3 . 5 - 2 9 1 . 7 6 B-11 1 7 3 .  7 1 6 7 . 0
7 2 6 0 . 4 - 2  7 4 .8 5 8 1 6 9 . 8 1 7 5 . 4 b 4 - l Z 1 0 1 . 4 , 9 .  7 1 -1 2 1 5 3 . 6 —2 8 3 . 1
1 8 1 9 8 . 3 - 2 2 9 . 9 5 1 1 5 0 . 6 1 5 7 . 6 b 5 - 1 2 1 C 7 . 5 - 8 9 . 5 6 2 - 1 2 1 3 0 .  1 1 0 4 . 33 8 1 1 8 . 4 - 1 5 7 . 6 5 1 1 3 2 2 . 6 U 1 - 1 3 2 3 0 . 4 - 2 4  , ‘J 6 3 - 1 2 3 * 3 . 6 - 3 1 5 . 11 9 1 8 6 . 5 - 1 8 8 . 8 5 1 2 2 7 . 4 - 2 2 2 . 1 5 2 - 1 3 2 3 6 . 7 2 7 4 . 6 6 4 - 1 2 2 2 7 . 1 - 2 4  7 .4
1 11 1 3 6 . 1 — I l  2 . 6 1 4 1 0 7 . 5 -  7 2 .5 3 - 1 3 1 4 7 . 5 l ù d . - J 6 7 - 1 2 2 2 7 . 1 2 5 9 . 7
2 11 1 3 6 . 1 1 7 0 . 6 5 1 5 1 5 3 .  7 - 1 B o . 3 b 4 - 1 3 1 0 7 . 5 1 5 0 . 0 6 1 - 1 3 3 1 U .6 2 6 0 . V3 12 1 4 5 . u 14 3.1 5 1 7 1 7 5 . 2 -1  74 , ' 5 - 1 3 1 7 2 . 0 1 9 3 . 7 6 2 - 1 3 1 4 0 . 2 - 1 6 9 . 40 0 4 3 2 . 1 - 4 6 9 . 7 5 1 8 1 0 4 . 4 2 3 3 .  7 5 6 - 1 3 1 8 1 . 3 - 1 3 9 . 3 3 - 1 3 1 * 3 . 6 - 1 0 7 . 50 4 3 9 3 . 6 4 1 0 . 9 5 1 1 9 6 . 6 - l  5 ' ) .  J 5 C- 13 1 8 4 . 4 - 2 1 9 . 2 6 5 - 1 3 2 3 3 .  7 - 2 7 7 . 70 6 1 7 4 . 6 1 3 2 . 4 5 3 1 3 3 1 , 9 - 2  8 2 . 7 5 9 - 1 3 1 3 5 . 2 —14 6 . 4 6 9 - 1 3 1 9 3 . 7 2 3 9 . 6c U 1 9 8 . 3 - 7 2 2 . 2 5 ? 3 3 9 6 . 4 - 4 4  - . 4 3 - 1 4 1 1 0 . 7 1 2 9 . 9 6 1-1 4 1 2C.2 1 / 5 . 1c 10 1 2 7 . 2 - 1 7 4 . 2 5 2 5 2 3 0 . 4 - 2 2 3 . 6 b 4 - 1 4 2 4 5 . 8 2 5 4 . 2 6 4 - 1 4 2 5 3 . 8 - 2 9 4 . 41 - 3 1 3 0 . 2 10 3.1 5 2 7 1 5U .6 1 f<4 .  7 5 -14 1 1 9 . 9 - I f  e ,  i 6 6 - 1 4 1 7 3 . 7 - 1 9 7 . 1
2 - 3 6 3 3 , 3 - 7 2 9 . 3 5 2 9 1 9 6 . 6 1Î H . 2 6 - 1 4 1 0 7 . 4 1 1 3 . 7 6 1 - 1 5 1 1 0 . 2 1 3 9 . 1i - 3 2 2 1 . 9 - 1 7 0 . 3 5 3 4 3 2 2 . 6 - 1  /  7 .6 H - 14 1 3 5 . c - 1 2 7 . , 6 2 - l b 2 5 3 . 0 2 9 8 . 54 - 3 4 0 8 . 4 - 3 5 8 . 8  ■ 5 3 a 1 9 0 . 5 2 6 9 . 3 1 - 1 5 1 7 5 . 2 - 2 2 5 . 6 6 5 - 1 5 1 7 3 . 7 - : 2  ‘. 45 - 3 2 1 6 . 0 1 5 9 .  7 5 1 5 6 .  7 1 - 2 . 7 ù 2 - 1 5 1 3 2 .1 6 - 1 5 1 2 6 . 9 -  1 J , 36 - 3 3 2 2 , 6 2 0 0 . 3 5 4 6 2 6 4 . 2 2 9 f . u 5 - 1 5 2 1 5 . 1 2 79.  5 3 - 1 6 2 7 3 . 6 3 2 7 . 5
Q - 3 4 4 1 . 0 4 7 5 . 5 5 5 2 6 1 . / 3 2 4 . 2 b 3 - 1 6 1 9 0 . 5 - 2 4 4 . J 7 - 1 6 1 9 7 . C - 2 1 8 . 610 - 3 1 2 1 . 3 - 1 2 5 . 9 5 5 7 1 6 2 . 0 1 4 7 ,  7 6 0 2 . 2 - 6  7 » . 6 2 - 1 7 2 6 3 . » 2 4 3 . 112 - 3 1 9 5 . 4 - 2 0 5 . 0 5 6 5 1 1 9 . 9 1 0 6 . 5 & 0 - 8 4 0 2 . 6 36 '> .5 6 5 - 1 7 1 9 0 . 3 1 6 7 . 1
3 - 2 4 5 8 .  7 - 4 6 0 . 3 5 6 6 1 2 2 . 9 1 37 . . . 5 0 -  10 4 4 8 . 6 4 4 9 .  7 6 0 - 2 4 2 0 .  7 4 6 7 . 54 - 2 41 7 .3 3 4 8 ,  6 5 2 0 2 2 7 . 4 1 7u,  1 3 - 2 2 9 1 . 9 6 C - a 4 6 4 . 2 - 4 2 4 . J5 - 2 1 1 2 . 6 8 5 . 1 5 3 0 1 1 3 . 7 1 0 7 .  5 6 0 3 1 8 3 . 7 - 1 8 2 . 5 6 0 - 1 0 1 6 7 . 0 - 1 3 2 . 76 - 2 3 6 6 .  7 3 4 0 .  1 5 4 3 4 3 0 . 2 —4 4 3 . 1 0 8 ? 1 2 3 . 5 6 2 - 1 2 2 0 0 . 4 1 6 9 . 17 - 2 3 5 5 . 2 3 5 0 . 8 5 5 1 3 0 4 . 2 - 3 1 1 . 5 ù 8 1 1 2 0 . 2 1 6 4 . 7 6 i  - 4 2 9 7 . 2 3 0 5 . 4? - 2 1 0 6 . 6 - 1 j 2 . 1 5 3 2 1 8 7 . 4 - 1 6 8 . 7 6 9 1 1 8 0 . 3 - 2 1 5 . 9 6 1 - 3 3 5 0 . 6 3 7 1 . 610 - 2 1116.5 —18 3 , 0 5 4 2 1 4 1 . 3 - 1 1 3 . 5 6 7 0 , 2 4 7 . 1 2 7 8 .  J 6 3 - 3 2 1 3 .  7 - 1 7 1 . 6
U - 2 1 3 3 . 2 - 1 4  8 . 1 5 6 2 1 5 9 , 3 - 1 8  7 . 9 6 6 9 I C 3 . 6 7 i .  l 6 2 - 2 1 4 3 . 6 1 4 0 . 4
- 1 2 0 1 . 2 - 1 7 7 . 1 5 6 3 2 4 8 . 9 2 5 6 . 4 à 8 3 1 1 6 . 9 - 1 1 2 . 2  • 6 3 - 2 1 6 0 . 2 - 1 8 7 . 4
5 - 1 52 3 .8 5 5 7 . 0 5 6 3 1 2 2 . 9 1 6 3 .  Ù 6 1 0 2 3 3 .  7 —2 7 6 . 3 4 - 2 4 3 4 . 1 - 4 2 7 . 0
- 1 9 1 , 8 1 0 1 . 7 5 7 4 1 8 1 . 3 2 2 2 . 5 6 1 1 3 8 7 . 3 - 4 0 1 . 5 6 2 - 1 3 8 7 . 3 - 4 0 5 . 07 - 1 1 7 1 . 7 1 5 3 . 2 5 g 7 1 3 8 . 2 - 1 4 7 . .  7 6 1 3 3 * 3 . 8 - 2 1 3 . 3 4 — 1 2 2 0 . 4 - 2 3 C . 7
- 1 2 9 8 . 0 - 3 5 C . 7 5 6 9 1 4 1 . 3 - 1 4 2 . 1 ti 1 4 1 4 6 . 9 1 7 1 . 6
11 - 1 1 3 3 .1 - 1 2 9 . 3 5 4 l ' 1 4 1 . 3 - 1 9 3 . 6 6 1 5 1 4 3 . 6 1 1 5 . 0
l 4 0 5 . 4 - 3 4  7 .0 5 C ft 2 6 4 . 2 2 7 5 .2 6 1 7 1 7 6 . 9 2 1 5 . 2
2 —4 1 8 6 . 5 I C 9 . 3 5 2 2 5 8 . 1 2 5 3 . 6 l  8 1 3 0 .  i - 1 5 3 . 8  .3 - 4 7 3 9 . 9 5 c 4 2 5 2 . 0 - 2 8 2 . 4 6 2 0 1 7 3 .  7 - 1 8 9 . 6
3 3 7 . 4 - 2 7 3 . 9 5 6 3 3 0 .  3 - 3  9 0 , 1 6 2 1 3 0 0 . 5 - 2 6 7 . 85 - 4 2 9 0 . 0 2 3 0 . 5 5 5 - I 2 3 9 .  7 - 2 4 5 . 9 b 2 2 9 0 . 2 - 7 3 . 3
3 2 2 . 6 - 2 7  7 .6 5 6 - 1 3 9 4 . 2 - 3 3 3 . 9 b 2 3 2 2 0 . 4 2 8 6 . 3
7 - 4 3 5 5 . 2 3 6 0 . 5 5 8 - 1 1 1 0 .  7 - 1 3 3 . 8 6 2 5 2 5 0 . 4 2 7 1 . 2
•i 1 5 9 . u 1 3 4 .  7 9 - 1 1 3 5 . 2 1 6 9 . 0 6 2 7 1 2 6 .  > - l v 7 . 2
10 - 4 1 7 4 . 6 1 5 0 . 2 5 - 2 1 9 0 . 5 - 2 1 4 . 4 6 3 3 1 3 0 . 3 1 4 4 , 6
1 - 1 4 6 4 . 6 - 5 6 2 . J 6 1 1 6 . 8 - 1 3 2 . 4 b 3 4 3 4 0 . 5 4 0 3 . 4
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Staruotwre Factors #
(Bootti T a m p tra tu rs t 25^C)
h, k , 1 ,  Fm% F^, F*
(  ♦ Data c c l l a c t e d  on f  l im |  
t  
+
^ Porter and jaeobson observed data;
** * calcu lated  data;
see Chapter I I I  )*
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k k L Fo S i n e
3 f 3 4 0 7 4 r .  1994*
3 5 4 3 3 2 ? 0 , 2 2 6 5
i 5 5 4 0 5 8 0 , 2 2 3 3
C 5 2 2 1 2 7 0 , 1 2 0 7
C 5 3 3 0 2 1 C.  142 8
c. 5 4 3 6 5 3 C. 1 6 9 Ù
L 6 178 5 0 . 2 2 7 8
c 5 7 2 3 8 8 C . 2 5 8 9
3 5 2 1 8 0 2 ' 0 , 1 7 4  7
7 6 - 3 4 5C1 0 , 2 2 5 9
3 6 - 1 366C C . l 4  5 7
4 6 - 1 1 6 5 3 C . 16 5 0
b 6 - 1 4 1 9  l C . 1 6 7 9
6 6 - 1 3 2 9 7 0 . 2 1 3 1
1 6 - 2 39C3 C . 1 3 3 0
2 6 - 2 3 3 4 2 C . 1 3 6 0
2 6 - 3 2 8 0 8 0 . 1 4 8 5
2 6 - 4 7 5 9 3 C . 1 6 7 2
2 t - 5 3 9 1 2 C .  19 C 3
2 6 - 7 2 3 1 6 0 . 2 4 4 3
j 6 - ? 4 06 3 C.  1 4 6 C
3 6 - 3 5 2 3 1 C . 1 5 4 2
3 fc — 4 3 6 9 5 C . 1690
4 fc - 3 424C C , 1 6 5 9
4 fc - 4 3 9 6 2 C.  1 7 6 6
6 fc - 5 3 7 8 8 0 . 2 1 5 1
f fc — 4 2C35 0 . 2 4 9 2
1 fc - 3 1 2 6 9 C.  1 4 9 6
2 fc (. 3 5 8 6 0 . 1 3 5 4
3 fc C 1 5 1 2 0 . 1 5 3 1
b fc 0 2 7 9 5 0 , 1 9 9 4
e fc 0 2 6 7 3 C. 2 2 5 U
1 fc 1 4 1 2 6 C,  132 6
3 fc l 356C 0 . 1 6 7 3
4 fc 1 3 7 9 9 G . 1 9 0 5
3 fc 2 2 2 8 7 0 . 1 8 6 8
4 fc ? 6 2 8 1 C . 2 1 C5
2 fc 3 4 3 1 7 0 . 1 8 8 7
2 fc 4 4 0 6 1 0 . 2 1 4 6
3 fc 4 4 7 8 6 C . 2 3 5 9
1 6 y 5 1 9 7 0 , 2 2 3 8
I fc 6 3 5 6 6 0 , 2 5 3 1
fc 2 5 5 8 2 C , 1 3 7 6
L fc 3 4 3 5 7 0 . 1 5 7 3
C fc 5 271C 0 . 2 0 8 4
t 7 — 4 3 2 3 0 r , 2 5 9 3
6 7 - 2 4 0 9 4 0 . 2 1 7 4
1 7 - 2 13 2 1 0 . 1 5 1 1
1 7 - 3 2 0 1 4 C . 1 6 5 9
1 7 - 4 5 9 5 6 0 . 1 8 5 9
2 7 - 1 1 56 3 C . 14 9 6
2 7 -3 2 4 4 1 C . 16 4 9
J 7 - 2 4 4 9 0 0 . 1 6 2 7
3 ? - 3 2 5 6 9 0 . 1 7 0 1
3 7 — 6 4 2 0 8 C . 2 2 4 1
4 7 - 2 426C 0 . 1 7 7 1
4 7 - 4 1 7 2 2 C . 190 6
4 7 - 8 3 8 7 9 0 . 2 7 2 4
5 7 —4 5 0 8 5 C . 2 C2 5
5 7 - 5 1 9 3 9 C. 2 1 4 1
? 7 — 6 2 5 8 5 0 . 2 5 2 9
2 7 - 2 231C C . 1 5 3 7
2 7 0 4 9 3 0 C.  153 3
5 7 0 35C7 0 . 2 1 2 0t 7 0 2 4 4 9 0 . 2 3 7 C
I 7 1 3 3 4 0 0 . 1 5 0  7
5 7 1 2 8 9 6 C. Z 2 7 5
1 7 2 5 3 6 2 C . 16 5 4
2 7 2 3 0 9 5 C . 1 8 0 8
3 7 2 5 5 4 4 C. 2CC1
1 7 4 4 6 3 8 C. 2 C6 8
2 7 4 3 7 2 1 C . 2 2  62
L 7 2 4 2 8 4 0 . 1 5 5 1
ü 7 4 2 6 9 9 0 , 1 9 5 1
0 7 6 2 5 4 2 0 . 2 4 7 8
7 8 - 3 4 0 2 8 0 . 2 4 9 3
3 e -1 6 0 4 0 0 . 1 / 9 7
5 e - 1 4 3 3 5 0 . 2 1 5 4
2 8 - 3 4 9 3 1 0 . 1 8 2 1
2 e - y 566C 0 . 2 1 7 5
k k i Fo SIH6
3 8 - 3 4 4 3 6 0 , 1 8 6 7
3 8 - 7 5 8 7 4 C . 2 6 C 74 Q - 3 5 0 6 2 C . 1 9 6 5
6 e - 5 3 9 6 3 0 . 2 3 9 5
7 p - 4 2 5 2 6 0 , 2 4 9 8k e - 4 2 7 1 4 C. Z' / CS
b e - 5 2 2 3 5 0 , 2 7 3 21 8 1 5 9 2 8 C.  1 6 9 3
2 e 1 4 6 9 2 C . l î i l i
4 e 1 5 8 0 5 0 , 2 1 7 6




h ,  k ,  1 ,  S IN  0 .
k k l Fo Sl HÔ h k l Fo S I N G h  k l Fo s i n G k  k 1 Fo S i MG
3 c 0 842 C.C.962 3 6 1 2525 0. Ifcfcy 1 14 2 1379 0.2914 6 —2 —3 2819 G. 1663c 0 3480 C.127C 3 8 1 1272 0.197C 2 1 2 2515 0.1174 1 - 3 - 3 2049 C. 1082c 0 1557 C.1587 3 12 1 2509 0.2649 2 2 2 1857 0.1223 4 -3 -3 1245 0.1251c 0 2328 C.19C5 4 5 1 1803 C.1782 2 3 ? 2108 0.1301 5 -3 -3 4CC2 C . 1483c 0 3423 C.2222 4 6 1 2066 C. 1899 2 5 2 2777 0.1523 8 -3 -3 2458 0.22562 0 865 C.C50B 4 7 1 1294 0.2029 2 7 2 1453 C.1806 l -4 -3 4045 C.12923 3 3506 C.C674 4 e 1 3619 0.2169 2 11 2 1603 C.2466 3 -4 -3 2527 C.124y4 3 1379 C.Ü853 4 10 1 2053 0.2473 2 13 2 1560 0.2822 4 -4 -3 3618 0.1 1045 0 1246 C.1040 5 7 1 1824 0.226 7 3 1 2 1642 0.1454 5 -4 -3 1481 C. 1t 7310 0 2702 C.2CC5 5 11 l 1573 0.2822 3 3 2 1877 0.1558 6 —4 — 3 4800 C.179912 0 1959 0.2397 3 2 l 2946 0. 12 3 7 • 3 7 2 2676 C.1999 1 -5 -3 5198 0.13412 4 0 3989 C.1615 3 3 1 2270 C. 1314 3 9 2 2654 0.2292 2 -5 -3 4261 C. 13242 5 0 2657 C.1176 4 2 1 2925 0.1533 4 2 2 1556 0.1780 3 -5 -3 5338 0.13822 6 0 2731 0.1347 4 3 1 1495 C.1596 4 4 2 4749 0.1908 4 -5 -3 4051 C.15062 7 0 3291 C.1525 5 3 1 2561 C.189J 4 6 2 2519 0.2103 8 -5 -3 3428 0.23912 9 0 4638 C. 1892 5 5 1 2760 0.2349 4 10 2 2240 0.2633 2 -6 -3 1629 C.14783 1 0 5C14* C.C973 6 1 1 3630 0.2117 5 1 2 1100 0.2047 3 —6 -3 4269 0.153C3 3 0 3390 C.1123 1C -7 1508 0.3311 6 3 2 2743 0.2418 4 —6 -3 265C C. 16433 4 0 1762 0.1239 7 -5 2772 0.2286 5 -3 -2 34C0 0.1479 7 -6 -3 3937 0.22323 5 0 1316 0.1374 9 -5 2101 0.2967 7 -3 -2 2115 0.2036 2 -7 -3 1529 0.16413 1C 0 17CC C.2197 5 -3 2156 C. 1553 9 -3 -2 1827 0.2628 3 -7 -3 2208 C*16883 II 0 2105 C.2377 4 -2 2407 C. 1194 4 -2 -2 4511 0.114 7 2 -8 -3 3143 C.18123 13 0 2123 0.2/4 5 a - 2 2674 C.24CH 6 -2 -2 3470 0 « 1694 3 -8 -3 3730 0.18544 1 0 2541 C.12 85 3 -1 2210 0.0847 8 -2 -2 1811 0.2287 4 -8 -3 3986 C. 19494 2 0 3272 C.1 130 4 -1 2531 C. 1143 5 -1 -2 2290 0. 1369 1 -9 -3 1756 0.19984 4 0 2133 C.149 7 5 -1 4792 C.1449 3 C -2 1322 0.0828 3-lC -3 2863 0.2202,4 11 0 1427 0.2521 7 -1 2534 0.2070 6 0 -2 3502 0.1647 l-ll -3 1961 0.23584 3 0 2060 C.1402 1 -3 1699 0.0675 a c -2 2955 C.2252 4-11 -3 2014 0.24565 4 0 1786 C.l774 1 —4 1784 0.0855 1 -2 -2 2281 C.t 707 1 -7 -3 1539 C.16555 5 0 2085 C.18 71 1 -5 998 C. 1041 1 -3 -2 2662 0.08345 6 4 2486 C.19C3 1 -6 1095 0.1231 1 -4 -2 1777 0.09855 7 0 2971 C.21C7 1 -7 1299 C.1423 1 -5 -2 2356 0.11505 9 0 2393 0.2337 1-11 1516 C.22C2 1 -6 -2 2634 0.13245 1C 0 2026 0.2538 1-13 1670 0.2594 1 -9 -2 2427 0.18766 3 0 1610 C.1995 1-15 1996 0.2987 1-10 -2 1575 0.20656 4 0 2935 C.2C63 2 -1 1709 0.0574 2 -2 -2 1509 C.C 7556 5 3 1678 C.2I47 2 -2 2151 0.0668 2 -3 -2 1483 0.08756 fc 0 1886 0.2245 2 -3 3727 C.C8C2 2 -4 -2 1581 0.10206 7 0 2094 C.2356 2 -4 1277 0.0958 2 -5 -2 2402 0.11806 9 0 1456 C.26G9 2 -5 2679 0.1127 2 -6 -2 2043 0.13516 1C 0 1939 0.2 74 8 2 -7 1537 0.1487 2 -7 -2 1197 C.15287 3 0 1562 C.23C1 2 -9 1067 0. 1862 2 -9 -2 1727 0.18948 4 0 1473 0.2661 2-11 2471 0.2244 2-11 -2 1669 0.22711 7 0 1340 C. 1422 3 -2 1495 C.0914 3 -3 -2 3716 0.10192 1C 0 1277 0.29 79 3 -6 2072 C. 1445 3 -4 -2 3076 0. 11463 6 0 1076 C.1523 3 -8 4081 C. 1785 3 -6 -2 2589 C.14481 11 0 1522 0.2201 3-10 2003 0.2144 3 -7 -2 2931 0.16157 2 0 1545 0.225a 4 -4 3168 C. 1377 3-10 -2 1742 0.21461 a 0 1111 0.1616 5 -6 2465 C.1863 3-12 -2 217 7 0.25160 2 0 3373 C.C396 5 -8 2827 0.2137 4 -4 -2 2869 C. 1337C B 0 1269 C.1584 6 -6 1986 0.2113 4 -7 -2 2671 0.17550 10 0 4057 0.1980 6 -9 1460 0.2496 4 -9 -2 2144 0.20820 14 0 2892 0.2772 7 -6 1586 0.2379 5 -5 -2 2330 C.16780 16 0 299 7 0.3168 7 -7 1455 0.2484 6 -7 -2 3363 0.2153c 2 1 3030 C.C525 7 -8 2244 0.2599 7 -4 -2 2056 0.2102c 3 1 2187 0.0686 7-10 2097 0.2858 7-10 -2 1337 0.27770 4 1 2866 0.0,163 1 -9 1213 0.1811 8 -9 -2 1932 0.28720 e 1 987 0.1621 1-10 1113 0.2006 1-11 -2 1175 0.22550 11 1 1662 0.22C5 4 -5 946 0.1499 2-10 -2 1293 0.20020 12 1 1595 0.2401 5 -4 1518 0.1639 3-11 -2 1199 0.23301 2 1 1122 C.C701 6 -5 1575 0.2008 4 -0 -2 1064 C.1915I 3 1 3657 0.0829 7 -4 1176 0.2208 0 1 3 2108 C.10511 4 1 3425 0.0981 1 0 2 2268 0.0898 0 3 3 3401 0.11911 5 1 2052 0.1147 2 0 2 3376 0.1158 0 6 3 2095 0.15741 fc 1 2442 0.1321 3 C 2 1861 C.1441 G 8 3 3381 C.18911 7 1 2382 C.15C2 5 0 2 3552 0.2038 1 1 3 1051 0.12461 8 1 3297 0.1686 6 0 2 2779 0.2344 1 2 3 1450 0.12921 10 1 2262 0.2063 0 3 2 1621 0.0909 1 4 3 4120 0.14631 11 1 1944 0.2254 0 4 2 2765 C, 1049 2 1 3 3165 0.14841 12 1 1020 C.2445 0 5 2 1126 0.1206 2 8 3 2390 0.21622 3 1 1346 0.1052 0 6 2 2876 G.1373 3 5 3 1756 C. 19992 4 1 1721 0.1175 C 7 2 2289 0.1547 3 10 3 2109 0.26332 5 1 1437 0.1317 0 9 2 2125 0.1910 5 1 3 2 740 0.23162 8 1 2775 C.18C6 0 10 2 2248 0.2096 5 -1 -3 4127 0. 13742 9 1 1106 0,1982 1 1 2 2405 C.Û919 6 -l -3 2632 0.16272 12 1 2327 0.2530 1 3 2 2974 C.1076 7 -1 -3 2771 0. 19002 13 1 1536 0.2716 1 5 2 1476 C.1336 9 -1 -3 2066 C.24782 14 1 1601 0.2905 1 7 2 2574 0.1651 3 -1 -3 1406 C.C9842 2 l 3679 0.0954 1 9 2 2746 0.1995 3 -2 -3 1115 C. 10422 1 1 2237 0.0890 1 13 2 1079 0,2726 4 -2 -3 4155 C.1202
APPENDH V
Structure fa c to r s , 2SW1.$J
(Baom Temperature, 25®0)
h ,  k ,  1 ,  F , ,  ( X 1 0 )
J S .










E lim in a ted  High Value S tru c tu re  f a c to r s  (E^) 
(see  C hapter V II j
1 u 1 214 -470
3 0 0 436 689
k 0 0 507 -939
1 0 -3 501 «94
1 1 1 415 -258
1 1 0 407 -6 4 3
1 1 -2. 46u 646
5 -1 2 42.1 694
4 -1 2 530 243
5 2 242 558
3 -1 «i 447 653
0 1 1 385 662
0 1 3 559 -902
0 2 -1 325 508
0 2. -4 731 959
2 -2: 1 31 u 634
2 1 -4 425 571
1 -2 358 538
F -1 2 480 340
9 —i 2 400 271
3 2 *”1 535 691
A ppæ pix  V I
HIOCtKAMKK to DKTEiii'ilNE THE MEM PIAHE aX + bY + Z = 0
Of o r  a s e t  of atoms w ith  o rth o g o n a l Angstrom c o o rd in a te s  :
+ y^oosY 4- z^oos ^
= y^sinV  ~z^cos<^ s in  ^
*Z. = z . 8in<% s in  p  1 1  '
owhere x ^ , y ^ , z^ a re  th e  t r i o l i n i c  A c o o rd in a te s  of th e  atoms
The X ( o rth o g o n a l } a x is  i s  common w ith  th e  x  ( t r i c l i n i c  )
find Y lies pbhd.
axiSy^ The p lan e  i s  d e fin e d  in  term s of an g les  9 , 0 f ' Ÿ »
d e s c r ib in g  r o t a t i o n  about X, Y, Z axes r e s p e c t iv e ly ,  and by 
s h i f t s  to  th e  o r ig in  ( in  1  ) X, Ï ,  Z*
K o ta tio n , , about X i s  in  a d i r e c t io n  from  Z to  Y;
0 ^  about Y from  X to  Z;'>p ^ about Z from Y to  X#
( FORTRAN W  ; )6 o /4 4  )
C PitOWÜUaië FOR DEi'ERHINATION OP K£EAN PLANE AW ATOMIC DISi'M«E3 
I’HOM PLANE.
DIMENSION x (5 0 ) , ï ( i ) 0 ) ,2 (5 0 ) ,X0H1'H(5 0 ) ,Y0Ri.'H(50  } ,Z0fti'H(50  ) 
A {H E (6,5)
K=0
99 KEAD(5,1) A,B,C,ALHLA,BEi'A,GAMiM.,JMAL'Oa,!NPLA,IP 
IE(A .E0.U .U) GO TO 999 
ReAD(5,2) ( X ( I ) ,Y ( I ) ,2 ( I ) ,  1=1,NATOM)
K=IC+1
WRITE(6 ,5 0 ) K 










RACOS=(BGOS»GOOS -  AG0S)/BSIN#GSIN 
RASIN=SQRT(1. -  RAG0S*rAC0S; . .
F1=B3IN»RAC0B 
F2=BSIN«RASIN
DO 100 I=1,NM'0M . -
x ( i ;= x ( i ;* A
Y(I)=X (I)*B
2(I)= Z (I)»G
XORi'H ( X ) =X ( I  ) +Y ( I  ) * GO OS+Z ( I  ) »BG OB 
YOBa.'H(I)=Y(l)®GSIW- 2 ( 1 ) -F1 
luO 20RTH(I)=Z(I)*F2 
Ü ABPLY SHIFTS 'TO ORIGIN 
DO AOO I=2,NA'T0M 
X0Rl'H(l)=X0RTH(I) -  X0HTH(1)
YCaTH(I)=YOR'TH(l) -  ïORTH(1 )
,400 ZOBTH(l)=ZORTH(I) -  Z0RTH(1 )
C DETERMINAI'ION OF MEAN PLAI'iE OF GOORDINAI'ES 
E11=0.
B2z=v.




E11 =E11 4X0HTH( I  ) *X0RTH( I  )
E22 =E22 +Ï OR'TH ( I  ) *Y ORTH ( I  )
El 2 =E12 +X0RTH( I )  *YOR'TH( I  )
XKl =XK1 +X0HTH(I)*Z0R'TH(I)
200 XX2=M{2+Y0RTH(I)»20RTH(I)
DEN0M=E11‘»E22 -  E12»E12
IP (DENOM.EQ.0 .0 )  GO TO 301 
ROCŒA = (E12^iai2.-E22»XKl)/DEN0M 
ROOTB = (E11«'XK2-B12<'XK;1 )/DENOM
m iT E (6 ,4 )
TRIIE( 6 ,5  ) ROOTA,ROOTB 
0 DETERivSIKATION OF DISTANCES TO PLANE OF NON^ PLAME AT-Offi 
IF(NPLA.EQ.NATOM) GO TO 20 
ah:= sqrt(roota*roota ■(-R00TB*R00TB + 1 . )  
I0DT=NPLA+1 
TOITE(6,12)
DO 300 I=IOUT,NATOM 
L=I-1
DIST=(ROarA*XOSTH(l)+ROOTBnORTH(l)+ZORTH(I))/ABC
d is t =abs( d is t )
300 WRITE(6 ,8 )  L,DIST 
C SHIFTS OF PLANE TO ORIGIN 
20 WRITE(6,16)
■ftRII'E(6,17) X0RTH(I),Y0RTH(I) ,Z0RTH(1)
0 CALCULATION OF ANGULAR ROTATIONS OF PLANE
FRITE(6,14)
ROOT= -ROOTB/ROOTA
p s i =atah(root)
SPSI=SIN(PSI)
e h i=atak( s f s i / rootb )




DO 500 I=2,NPLA 
C APPLY PSI ROTN.
X0=X0OTH(I)
YO=YORTH(I)
X0RTH( I )  =XO»C PSI+YO*SPSI 
YORTH(I) =YO»C PSI-X0»8PSI 
C APPLY LHI ROTN.
X0=X0RTH(I)
Z0=Z0RTH(I)
XOHTHfl ) =XO*C FHI-ZO*SHJI 
500 20BTH(I ) =ZO*C PHI-iXO»SFHI












YORTH ( I  ) =Y0*CTH-»'-Z0*STH 
ZORT H (I) =ZO»CïH-YO*STH 
600 WRITE(6,10) XORTH ( l )  ,Y0RÏH(I) ,ZORTH(l)
WRITE(6,2000)
GO TO 99 
301 m iT E (6 ,1 9 )
GO TO 99
1 EORNiAT(3E7.3,P7.2,3I5j
2 l'O R iai(10F 8 .5 )3 EORi/iAT('1 ' MEAN PLANE AND ATOMIC DISTANCES FROM MEAN PLANE')
4  PORMï(» '/D E FIN E  EQUATION OB' ORIGIN PLANE AS AX-f-BY-i-Z=0' / /
1 ' ORTHOGONAL ANGSTROM COEFEICIENIS'/)
5 FORMAT( '  ' / A  = ',E 1 2 .5 ,3 X /B  = ',E 1 2 .5 ,3 X /C  = 0.10000E 0 1 ' / / )  
12 P0R!vlA T('0'/ DISTANCES TO PLANE FROM NON-PLANE ATOMS'//
1 ' ATOM NUiffiSR'.SX/ DIST. JiNGSTROMS' / )
14 FORMAT( '  ' /  ANGULAR ROTATIONS C5? PLANE IN DEGREES'/)
9 FORMAT(* ' /  ORTHOGONAL ROTATED ZEROED ANGSTROM COORDINATES' ,2X, 
1 ' X COORDS. ARE S H IF T S '//3 X / X '/ O X /  Y ',1 0 X /  Z '/ )
10 F0R1»iat( '  ',F 9 .5 ,3 X ,E 9 .5 ,3 X ,F 9 .5 /)
SFORlvtATC ' /  ATOM',1 2 /  -PLA N E',i,X ,F9.5/j
15 FOR!iAT(' ' ,  'THETA = ' ,F 7 .2 ,3 X ,'P H I = ' ,F 7 .2 ,3 X ,'P S I  = ' , I '7 . 2 / / )
16 FORMAT( ' O ' , '  SHIFTS OF PLANE TO ORIGIN IN ANGSTROMS'/)
17 FOR!vlAT(' ' , '  X SHIFT = ',F W .4 , ' Y SHIFT = ',F 8 ,4 ,3 X ,
1 ' Z SHD'T = ' , F 8 . 4 / / )
19 F O R M A T P L A N E  IS PARALLEL TO C AXIS OP ORTHOGONAL CELL'/
1 ' »»» REDEB'INE INPUT COORDINATES OP PLANE-ATOMS ' )
30 F0R M A T('1 ',' DjVTA SET' ,1 2 / / )
2000 F0R1<IAT('-', '  END OF DATA*/' '•** PLANE REORIENTED')
999 CALL EXIT 
END
'JIIR'JT DATA.
A, B, G, ALHiA, BBlA, GiüVLMA : R eal c e l l  d im ensions.
NATOM : T o ta l number of atom s.
NPLA : Rumber o f atoms in  p la n e .
IP  : Atom to  be o r ie n te d  a long  Y a x is  ( Z co o rd . = 0 .0  }
X ( I ; ,  Y ( I ) ,  : F r a c t io n a l  co o rd s , f o r  a l l  atom s.
X(1) ,  Y( 1) ,  Z( 1) ; -F ra c t io n a l  c o o rd s , of c e n tre  of p la n a r  m olecule
i . e .  f r a c t i o n a l  s h i f t s  of p lane  to  o r ig in .  
T erm inate a l l  d a ta  w ith  b lank c a rd .
